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G E N E R A L I N T R O D U C T I O N
The irony would be that we know what we are doing.
— Kurt Vonnegut
1.1 ammonia in the environment
In October 1908, the German chemist Fritz Haber filed a patent
(Haber, 1908) for the catalytic formation of ammonia (NH3) from
hydrogen (H2) and atmospheric nitrogen (N2) under high pres-
sure and temperature (N2 + 3H2 ←−→ 2NH3), a process that was
later upscaled for commercial use by Carl Bosch and is nowadays
known as the Haber-Bosch process. Haber was awarded the 1918
Nobel Prize for Chemistry for his discovery, followed by Bosch
in 1931 – jointly with Friedrich Bergius – for his contributions
to high-pressure chemistry. The importance of this achievement
for global food security can hardly be overstated, as up until
then the world had been one of fossil nitrogen – and without a
doubt an unsustainable one (Sutton et al., 2011; Sutton et al.,
2008). This milestone for the industrial production of fertilisers
solved the nitrogen problem of Haber’s and Bosch’s time, that is,
feeding an ever-growing population in light of limited nutrient
availability (Erisman et al., 2008; Galloway et al., 2013; von Liebig,
1840). However, it is doubtful that they envisioned laying the
foundation for a new nitrogen problem at the very same time (Eris-
man et al., 2013). Today, global emissions of NH3 range from
46–85Tg N yr−1, likely more than half of which originate from
agricultural production (Sutton et al., 2013), and with additional
sources including, but not limited to biomass burning, industrial
processes, and vehicular emissions (Erisman et al., 2013; Erisman
et al., 2008; Hertel et al., 2012; Sutton et al., 2011).
Emissions of reactive nitrogen (Nr) from these sources can have
cascading effects in ecosystems (Figure 1.1), i.e., a single reactive
N atom can undergo a multitude of chemical transformations,
with each of these compounds affecting sensitive ecosystems in
1
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different ways (Galloway et al., 2003). Adverse environmental
impacts of NH3, such as soil acidification and eutrophication
leading to shifts in biodiversity, have only been recognised by the
scientific community almost half a century after the invention
of the Haber-Bosch process (Heil and Diemont, 1983; Sutton et
al., 2008; van Breemen et al., 1982), and the dominant role of re-
duced nitrogen (NHx) deposition with regard to negative impacts
on sensitive habitats compared to nitrogen oxides (NOy) even
later (Sutton et al., 2008). In addition, atmospheric Nr can have
detrimental effects on human health, especially in the form of
respiratory disorders (Erisman et al., 2013). Finally, atmospheric
deposition of reactive nitrogen has a number of direct and in-
direct climate change related effects: Directly, through enhanced
nitrous oxide (N2O) emissions at different stages along the nitro-
gen cascade (e.g., from fertilisation, industrial production, and
microbial processes) and the formation of tropospheric ozone
(O3) from NOx – both greenhouse gases – as well as a net cool-
ing effect from aerosol formation. Indirect effects include the
alteration of carbon dioxide (CO2) and methane (CH4) fluxes
in terrestrial ecosytems, and secondary (e.g., phytotoxic) effects
of increased O3 production. Overall, it is assumed that the net
climatic effect of Nr deposition is a slightly negative radiative for-
cing, albeit with considerable uncertainty (Erisman et al., 2011).
Sinks for NH3 are a large variety of reactions with other com-
pounds in the ambient air, as well as wet and dry deposition
to the surface. Arguably the most important reactions in terms
of their environmental impact are the formation of ammonium
(NH4+) aerosols in the presence of sulphuric acid (H2SO4), nitric
acid (HNO3), and hydrogen chloride (HCl). A comprehensive
review of the numerous different potential reactions involving
atmospheric NH3 can be found in Behera et al. (2013).
Wet deposition is an effective removal process for atmospheric
NH3 due to its very large solubility in water and strongly con-
tributes to its low atmospheric lifetime (Hertel et al., 2012). It
can directly be measured by collecting precipitation, either with
bulk, or wet only samplers (Staelens et al., 2005), or estimated
from precipitation rates using scavenging coefficients (Behera
et al., 2013). Cloud droplet or occult deposition is relatively unim-
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4 general introduction
portant in flat areas, but can be very significant in mountainous
regions (Hertel et al., 2011; Lovett et al., 1982).
Dry deposition is the process of removal of atmospheric NH3
by surface uptake, e.g. through exchange with vegetated surface,
the soil, or bodies of water. This is fundamentally a bidirectional
pathway, i.e., NH3 can be re-emitted or dry deposition can be
limited due to a non-zero near-surface air concentration of NH3
that originates from equilibrium reactions with NH3 stored in
the vegetation or the ground (Flechard et al., 2013). This thesis
focuses on modelling these processes, and they will therefore be
discussed in much greater detail later.
1.2 quantifying dry deposition of atmospheric nh3
at the field scale
1.2.1 Measurement techniques
A large variety of methods for the measurement of NH3 biosphere-
atmosphere exchange is known, from chamber methods (e.g., Far-
quhar et al., 1980), over throughfall measurements (e.g., Beudert
and Gietl, 2015), to biomonitoring approaches (e.g., Russow and
Böhme, 2005). The de-facto standard for micrometeorological
measurements of NH3 biosphere-atmosphere exchange has for a
long time been the aerodynamic gradient method (AGM), in which
the total flux Ft (µg m−2 s−1) (negative when directed to the sur-
face) is estimated in analogy to Fick’s law as the product of a
turbulent diffusion coefficient K (m2 s−1) and the vertical gradient
of the air NH3 concentration χa (µg m−3):
Ft = −K ∂χa
∂z
. (1.1)
∂χa
∂z is usually calculated from concentration measurements with
wet denuders at two or more heights, and K is derived from
accompanying micrometeorological measurements based on flux-
gradient theory (Businger et al., 1971; Dyer and Hicks, 1970).
This technique has found widespread use in the NH3 flux meas-
urement community (e.g., Baek et al., 2006; Biswas et al., 2005;
Erisman and Wyers, 1993; Flechard and Fowler, 1998b; Hayashi
et al., 2012; Horvath et al., 2005; Milford et al., 2001a, 2009, 2001b;
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Myles et al., 2011; Neirynck and Ceulemans, 2008; Neirynck et al.,
2005, 2007; Nemitz et al., 2004; Phillips et al., 2004; Sutton et al.,
2009; Wolff et al., 2010; Wyers and Erisman, 1998; Wyers et al.,
1992, and many more), but it is relatively labour-intensive and re-
quires uncertain empirical stability corrections in the estimation
of K.
An alternative requiring only one measurement height is the
so-called relaxed eddy accumulation (REA) technique (Businger and
Oncley, 1990). The idea is based on conditional sampling, i.e., up-
and downdraft fluxes are sampled into separate reservoirs. In
this method, the flux is given as:
Ft = β · σw ·
(
χa↑ − χa↓
)
, (1.2)
where χa↑ (µg m−3) and χa↓ (µg m−3) are the average up- and
downdraft concentrations in the sampling interval, respectively,
σw (m s−1) is the standard deviation of fast-response measure-
ments of the the vertical wind velocity w (m s−1), and β (−) is an
empirical parameter. The REA technique has the fundamental
advantage of requiring measurements at only one height, thus
avoiding issues with a variable flux footprint across different
levels and potentially allowing for the assessment of vertical
flux divergence; only using one empirical parameter that can
be estimated from parallel measurements instead of uncertain
stability corrections; and at the same time avoiding the need for
the high sampling frequency that would be required for the eddy-
covariance technique outlined below (Hensen et al., 2009). This
method has seen widespread application for NH3 (e.g., Hansen
et al., 2017, 2015, 2013; Hensen et al., 2009; Meyers et al., 2006;
Myles et al., 2007), but far less than AGM thus far.
Latest developments in measuring biosphere-atmosphere ex-
change of NH3 involve the use of fast-response optical sys-
tems, e.g. using line-integrated differential optical absorption spectro-
scopy (DOAS; e.g., Volten et al., 2012) or point-measurements
by quantum cascade laser spectroscopy (QCL; e.g., Zöll et al.,
2016). The former currently requires the use of multiple meas-
urement locations or dispersion modelling (Bell et al., 2017; Häni
et al., 2018; Sintermann et al., 2016; Voglmeier et al., 2018). QCL-
based instruments, however, in principle allow using the eddy-
covariance technique – which is considered the gold-standard
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for measuring carbon dioxide (CO2) fluxes nowadays, and yields
direct measurements of turbulent fluxes without the empirical
corrections and labour-intensive wet chemistry necessary for
AGM or REA. Given all assumptions are justified and the tem-
poral resolution is large enough to cover most of the turbulence
spectrum, the flux is directly calculated from the covariance of
high-frequency (10–20Hz) measurements of the vertical wind
velocity and the air NH3 concentration:
Ft = w′χ′a, (1.3)
following the Reynolds decomposition of a turbulent variable x
into its time average x and fluctuating x′ parts; x = x+ x′ (Baldoc-
chi, 2003). Using this technique for the measurement of turbulent
NH3 exchange was long limited by the low temporal resolution
and / or precision of existing measurement devices, as well as
a lack of suitable solutions for the problem of NH3 adsorption
to the inlet of closed- or enclosed-path instruments. However,
recent developments have largely overcome these issues, e.g.
through the use of specialised inlet designs that minimise surface
adsorption and particle contamination of the measurement cell,
and by improving the time-response through large effective path
lengths and carefully balancing cell pressure (e.g., Ellis et al.,
2010). First studies successfully measuring NH3 fluxes with an
eddy-covariance setup have emerged in the literature since then
(e.g., Famulari et al., 2004; Sintermann et al., 2011; von Bobrutzki
et al., 2010; Whitehead et al., 2008; Zöll et al., 2016). At present,
robust long-term monitoring using QCL-based eddy-covariance
setups is still somewhat challenging, as these systems require a
lot of fine-tuning to operate especially at sites with very low NH3
concentrations. Nevertheless, with reduced costs and increasing
commercial availability, successful demonstrations of long-term
monitoring campaigns, future developments in open-path spec-
troscopy for NH3, and proven solutions for spectral correction
and gap-filling, these pioneering studies may soon be regarded as
cornerstones of a new era in NH3 flux monitoring using optical
techniques.
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1.2.2 Modelling techniques
Early approaches of modelling biosphere-atmosphere exchange
of NH3 involved the use of a so-called deposition velocity vd
(cm s−1). The idea behind it is to infer an NH3 deposition flux
from ambient concentrations by multiplying them with a surface-
dependent scaling factor, that can be interpreted in terms of a
conductance, i.e.,
Ft = vd · χa. (1.4)
This concept is useful for conservative back-of-the-envelope es-
timates of long-term average fluxes, but fundamentally limited
in terms of its temporal resolution (when working with con-
stant values per ecosystem type) and its informative value about
site-specific conditions.
In research contexts, surface-atmosphere exchange of NH3 (and
many other trace gases) is usually modelled using an electrical
analogy. In its simplest form, the flux is treated unidirectionally
and it is only limited by three resistances in series:
Ft = − χaRa + Rb + Rc , (1.5)
where Ra (s m−1) is the aerodynamic resistance at the reference
height, Rb (s m−1) is the quasi-laminar boundary layer resistance,
and Rc (s m−1) the canopy resistance (Erisman and Wyers, 1993;
Wesely, 1989). In terms of the aforementioned electrical analogy, a
reference potential of zero is assumed in this simple approach, i.e.
the numerator is representative of the potential difference χa − 0.
Note that vd = (Ra + Rb + Rc)
−1. Ra and Rb are dependent on
micrometeorological conditions, surface roughness, and chemical
properties of NH3, whereas Rc integrates specific properties of
the receptor surface (i.e., usually vegetation and / or the soil).
In order to futher discern between different exchange path-
ways, Rc can be split into multiple sub-components (Erisman
et al., 1994), the most common nowadays being simply a sto-
matal and a non-stomatal exchange pathway, and, when it can be
distinguished from the other components to a reasonable degree
of certainty, a ground-layer pathway (Nemitz et al., 2001). The
total flux is then given as the sum of all component fluxes:
Ft = Fs + Fw + Fg, (1.6)
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where Fs, Fw, and Fg (all in µg m−2 s−1) are the fluxes to and
from the stomata, external leaf surfaces, and the ground-layer,
respectively. Note that Fw is sometimes also called the cuticular or
non-stomatal flux. Modern implementations, in addition, usually
employ the concept of a canopy compensation point (Farquhar
et al., 1980; Sutton et al., 1998) that integrates the effects of
exchange with all leaf-layer pathways into an effective air NH3
concentration in equilibrium with the surface as the central model
parameter (Massad et al., 2010a; Nemitz et al., 2001; van Zanten
et al., 2010; Wichink Kruit et al., 2010; Zhang et al., 2010). This
allows for modelling bidirectional exchange (i.e., both deposition
and emission) while at the same time explicitly modelling the
exchange with different pathways (e.g. stomata and cuticula)
separately (Sutton et al., 1998), yielding important information
about the underlying drivers. Specific implementations of models
describing the exchange with these pathways are discussed in
great detail in Chapters 3 and 4 of this thesis.
A plethora of models with different purposes and varying de-
grees of complexity has been developed in the past, from multi-
layer models (Nemitz et al., 2000), over dynamic leaf-chemistry
approaches (Flechard et al., 1999), to those explicitly resolving
in-canopy air-column chemistry (Kramm and Dlugi, 1994). I will
here focus on model parameterisations that have found wide ap-
plication both on the field-scale and within large-scale chemistry
transport models (CTMs). These are nowadays primarily based
on the two-layer (ground- and leaf-layer) canopy compensation
point model of Nemitz et al. (2001), which has been noted as
perhaps being the optimal compromise between accuracy and
simplicity for these applications (Flechard et al., 2013). Variants of
it have been used for predicting deposition fluxes (e.g., Flechard
et al., 2011), interpreting (e.g., Hansen et al., 2017; Schrader et al.,
in preparation; Zöll et al., 2016) and gap-filling measurements
(Brümmer et al., in press; Lucas-Moffat et al., in preparation), as
well as regional modelling (e.g., Wichink Kruit et al., 2012),
1.3 aims of this thesis
The research forming the foundation of this thesis was carried
out at the Thünen Institute, a German Federal Research Institute
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under the auspices of the German Ministry of Food and Agri-
culture. Part of its mission statement is to supply policy with
scientifically-based decision making tools, and to carry out own
independent research for this purpose. I have always held these
goals to a high standard, and made a point of working towards
solutions that can readily be implemented in existing workflows,
as well as towards improving the tools that are being used to
support political action right now.
In the context of modelling biosphere-atmosphere exchange of
NH3, these tools are the simple, yet effective parameterisations of
one- and two-layer canopy compensation point models outlined
in the preceeding section. The overarching aim of this thesis
was to analyse the challenges associated with parameterising
and using these models, to find suitable modifications to these
schemes with respect to recent developments in our knowledge
about ammonia exchange processes, to identify the key issues
and uncertainties that need to be addressed by the scientific
community, and to give recommendations on how to do so.
In doing so, I have adhered to a philosophy of practical model
development, i.e., working at the interface between fundamental
research on NH3 biosphere-atmosphere exchange processes on
the one hand, and users of these models and their results on
the other hand. My fundamental goal is to make a contribution
towards strengthening confidence in these tools that we need to
identify key areas that need to be in the focus of environmental
protection efforts, and to find sustainable solutions for one of the
greatest challenges of the 21st century: Mitigating the impact of
excessive reactive nitrogen emissions.
This PhD thesis consists of a collection of four separate aca-
demic articles, three of which have been published in peer-
reviewed international journals, and one of which is to be sub-
mitted shortly. In particular, these articles are:
• Schrader, F. & Brümmer, C. (2014). Land use specific am-
monia deposition velocities: A review of recent studies
(2004–2013). Water, Air, and Soil Pollution, 225(10), 2114
– in which I present results from a literature review on
recent measurements and modelled estimates of the
NH3 deposition velocity.
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• Schrader, F., Brümmer, C., Flechard, C. R., Wichink Kruit,
R. J., van Zanten, M. C., Zöll, U., Hensen, A. & Erisman, J. W.
(2016). Non-stomatal exchange in ammonia dry deposition
models: Comparison of two state-of-the-art approaches.
Atmospheric Chemistry and Physics, 16(21), 13417–13430
– in which I analyse problems in the parameterisations
of two state-of-the-art approaches to modelling non-
stomatal NH3 exchange, by comparison with measure-
ments and theoretical considerations.
• Schrader, F., Erisman, J. W. & Brümmer, C. (in prepara-
tion). Towards a coupled paradigm of NH3-CO2 biosphere-
atmosphere exchange modelling
– in which I make an argument for estimating the sto-
matal conductance for the use in NH3 biosphere-atmo-
sphere exchange models from measured or modelled
fluxes of CO2, and highlight issues with the wide-
spread use of empirical approaches.
• Schrader, F., Schaap, M., Zöll, U., Kranenburg, R. & Brüm-
mer, C. (2018). The hidden cost of using low-resolution
concentration data in the estimation of NH3 dry deposition
fluxes. Scientific Reports, 8(1), 969
– in which I formally derive and quantify the error as-
sociated with applying models with concentrations
sampled at low temporal resolution, and propose a
solution to correct for these errors in the future.
These articles are reproduced in Chapters 2–5, respectively. No
modifications have been made to the text or the contents of the
articles, i.e. they appear in the same way they were originally
published, apart from minor language editing, typesetting, and
redrawing the figures to a common format. In Chapter 6, the key
findings are summarised, and discussed in terms of their implic-
ations for users of these models and the associated uncertainties.
Finally, I propose some recommendations for future research in
the context of further model development.
Further contributions to the field of NH3 biosphere-atmosphere
exchange research that are not part of this thesis are co-author-
ships on the works of Zöll et al. (2016), in which we present
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eddy-covariance measurements and modelled estimates of NH3
fluxes over an ombrotrophic bog; Zöll et al. (under review), in
which we analyse common micrometeorological drivers of CO2
and NH3 exchange using artificial neural networks; and Lucas-
Moffat et al. (in preparation), in which we will present practical
solutions for gap-filling eddy-covariance flux measurements of
arbitrary trace gases, with NH3 as a prominent example without
an established gap-filling solution thus far.
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All models are wrong,
but some are useful.
— George E. P. Box
abstract
Land-use specific deposition velocities of atmospheric trace gases
and aerosols – particularly of reactive nitrogen compounds – are
a fundamental input variable for a variety of deposition models.
Although the concept is known to have shortcomings – especially
with regard to bidirectional exchange – the often limited availabil-
ity of concentration data and meteorological input variables make
it a valuable simplification for regional modelling of deposition
fluxes. In order to meet the demand for an up-to-date overview
of recent publications on measurements and modelling studies,
we compiled a database of ammonia (NH3) deposition velocities
published from 2004 to 2013. Observations from a total of 42
individual studies were averaged using an objective weighting
scheme and classified into seven land-use categories. Weighted
average and median deposition velocities are 2.2 and 2.1 cm s−1
for coniferous forests, 1.5 and 1.2 cm s−1 for mixed forests, 1.1
and 0.9 cm s−1 for deciduous forests, 0.9 and 0.7 cm s−1 for semi-
natural sites, 0.7 and 0.8 cm s−1 for urban sites, 0.7 and 0.6 cm s−1
for water surfaces, and 1.0 and 0.4 cm s−1 for agricultural sites,
respectively. Thus, values presented in this compilation were
considerably lower than those found in former studies (e.g., VDI,
2006). Reasons for the mismatch were likely due to different
land-use classification, different averaging methods, choices of
measurement locations, and improvements in measurement and
in modelling techniques. Both data and code used for processing
are made available as supplementary material to this article.
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2.1 introduction
Atmospheric ammonia (NH3) has long been recognised as a
major airborne pollutant. It can act as a precursor for aerosols
and its deposition has a significant impact on soil acidification,
ecosystem eutrophication and, consequently, changes in species
composition and biodiversity (Sutton et al., 2011). In order to
assess the impact of ammonia emissions and transport, mainly
caused by livestock and fertilisation (Bouwman et al., 1997) some
air quality models (e.g., the AUSTAL2000 model of Janicke, 2002)
use a so called inferential method; that is, the deposition flux
F (µg m−2 s−1) is calculated as the product of the concentration of
a compound at a certain reference height, χa (µg m−3), and a pro-
portionality constant, the deposition velocity vd (cm s−1) (Wesely
and Hicks, 2000). In addition, land-use specific average depos-
ition velocities may be used for quick estimates of N deposition
to an ecosystem, or to verify plausibility of flux measurements
and model results.
Conceptually, using tabulated deposition velocities for a cer-
tain land-use category is based on strongly simplified assump-
tions about the relationship between near-ground NH3 concen-
trations and the respective deposition flux; however, for now, this
simplification is still often necessary once we leave the single
plot scale. The deposition of NH3 involves a large number of
complex processes, especially due to the high reactivity of the
compound, strong water solubility, formation of particulate mat-
ter in the form of ammonium nitrate (NH4NO3) in the pres-
ence of nitric acid (HNO3), bidirectional transport paths and
canopy-dependent compensation points, non-stomatal uptake,
co-deposition of NH3 and SO2, and other factors (Flechard et
al., 2013; Sutton et al., 2011, 2007). In practice, it is not always
possible to resolve these processes in regional models, primarily
due to limited availability of spatial input data. In the recent
past, many formulations for bidirectional, compensation point
based dry deposition models have arisen in the literature (Bajwa
et al., 2008; Massad et al., 2010a; Neirynck and Ceulemans, 2008;
Personne et al., 2009; Zhang et al., 2010).
However, necessary input parameters for these models may
not always be available for larger areas. Therefore, many of
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these processes and characteristics are sometimes aggregated
in a single reference value of the deposition velocity per land-
use type. For example, in Germany, a set of three reference
values compiled by the Association of German Engineers (Verein
Deutscher Ingenieure, VDI) based on data from 10 years ago
and earlier (VDI, 2006) is commonly used in regional model
applications.
The ongoing intensification of agricultural practices, as well
as increasing traffic volume and industrial processes, calls for a
periodic update of these land-use specific values. Furthermore,
flux measurement and modelling techniques have greatly im-
proved, and a number of large monitoring studies were carried
out in the last few years. Measurements covered by this literature
study were carried out using a number of different methods,
including the aerodynamic gradient technique (Phillips et al.,
2004), relaxed eddy accumulation (Meyers et al., 2006), chamber
methods (Jones et al., 2007a) and N deposition estimation using
biomonitoring (Russow and Böhme, 2005; Russow and Weigel,
2000; Sommer et al., 2009; Tauchnitz et al., 2010; Weigel et al.,
2000) or synthetic surrogate surfaces (Anatolaki and Tsitouridou,
2007). Additionally, inferential (Hicks et al., 1987; Wesely and
Hicks, 2000) and chemical transport models (Builtjes et al., 2011)
were used to simulate deposition fluxes. The aim of this study is
to incorporate these new measurement and model approaches
into an up-to-date database of ammonia deposition velocities
published in the preceding decade. These are presented in a gen-
eralised form as weighted annual averages and median values
for different land-use types. Both the data and IPython code that
was used for the calculation of these new reference numbers are
published as supplementary material of this article for re-use
and modification by other researchers.
2.2 materials and methods
2.2.1 Literature survey
We performed an iterative, snowball-type literature research: In
a first step, the citation indexing service Thomson Reuters Web
of Science (formerly ISI Web of Knowledge), was queried using
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they keywords ammonia + deposition + veloc*. Search results were
limited to the period from 2004 to 2013. The query yielded a
total of 90 international publications, which were then screened
for obviously unrelated articles, e.g. such articles that only deal
with the deposition velocity of other trace gases in detail. We
only used sources in our further analysis that either directly
report measured, modelled or otherwise researched deposition
velocities, or that include measurements of deposition fluxes and
corresponding NH3 concentrations that could be used to calcu-
late deposition velocities. Consequently, studies that only discuss
the concept of deposition velocities in general were disregarded.
All sources were reviewed for (i) measurement method, (ii) NH3
deposition velocities (directly reported, or calculated by the au-
thors of this article), (iii) reference height, (iv) NH3 concentrations
at the reference height, (v) descriptions of the measurement site
and land-use and (vi) temporal coverage (how many seasons do
the measurements cover and how long did the authors measure
during these respective seasons). In a second step, the references
cited in the results from the initial database query were screened
for further potentially useful articles published in the time frame
of interest. These were then again treated as described above and
likewise screened for further relevant studies. This process was
repeated until no additional literature could be obtained. In the
end, this approach led to a collection of 42 suitable sources that
were used for statistical analysis and classification into different
land-use types.
2.2.2 Data processing
Most of the studies cited here report their findings on NH3
deposition velocities either directly in the text or as tabulated
values. If in the studies cited NH3 deposition velocity values
were not directly reported in the text or in tables, we determined
vd from deposition fluxes and concentrations at the reference
height. In a few studies, vd could only be visually estimated from
figures. In those cases when only a range of measured deposition
velocities was reported, the center of this range was taken as an
estimate for the average deposition velocity for the respective site.
When multiple values of vd were reported, e.g. as a result of data
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syntheses, modelling studies or literature surveys, these were
grouped by land-use class, arithmetically averaged and used as a
single study in the further analysis.
The results were categorised into seven land-use classes: de-
ciduous-, coniferous- and mixed forests, semi-natural sites (e.g.,
grasslands or peatlands), urban sites, agricultural sites and water
surfaces. Studies were classified as unspecified when the site
description was unclear (e.g., remote site) or when deposition
velocities were reported as one for multiple land-use categories.
Two statistics were calculated as a means of aggregation: The
median, as a robust estimator for the central tendency, and a
weighted average of the respective groups.
The former was calculated as
v˜d =
vd, n+12 , if n is odd,1
2
(
vd, n2 + vd, n2+1
)
, if n is even,
(2.1)
where v˜d (cm s−1) is the median deposition velocity of one land-
use class and vd,i (cm s−1) is the deposition velocity at the ith
position of a sorted array of vd for the respective category.
Weights for the latter were derived from the temporal cover-
age of the corresponding studies: For each season (i.e., spring,
summer, fall, and winter) of the year where the measurements
were conducted (regardless of the number of years) a study was
assigned 1 point, as well as additional points for the measure-
ment duration during these seasons (i.e. zero to three weeks of
a season: 1 point; three to six weeks: 2 points, six to nine weeks:
3 points, nine weeks and more: 4 points). Consequently, each
study would be weighted with a minimum of 2 points (one day
to three weeks of measurement during one season) and a max-
imum of 8 points (average of nine weeks of measurements or
more for each of four seasons). The weighted average deposition
velocity for one land-use class vd (cm s−1) was then calculated by
multiplication of the individual studies’ vd,i with the weights for
the number of seasons ws,i (−) and the coverage of these seasons
wc,i (−), and division by the total sum of weights assigned for all
vd,i of one land-use class:
vd =
∑ni=1 (vd,i · wc,i + vd,i · ws,i)
∑ni=1 (wc,i + ws,i)
. (2.2)
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2.3 results
A total of 42 studies were deemed relevant and reliable and were,
except for two duplicate values (Neirynck and Ceulemans, 2008;
Neirynck et al., 2005, 2007), consequently used in the calcula-
tion of average and median vd for the seven land-use classes.
Since a subset of these studies were compilations of results from
large measurement campaigns, or literature studies themselves,
a higher number (61) of individual values for the ammonia
deposition velocity could be extracted. Only one value per land-
use class (if based on the same measurement technique) of an
individual study was used in the averaging process; some stud-
ies, such as Flechard et al. (2011), are actually based on data
syntheses from more than 50 sites. Broken down into land-use
classes, we were able to use 6, 4, 4, 19, 5, 3, 18 and 2 individual
values for coniferous forests, mixed forests, deciduous forests,
semi-natural sites, urban sites, water surfaces, agricultural sites
and unspecified sites, respectively (Table 2.1). Studies conducted
at semi-natural and agricultural sites were clearly found to be
dominant.
Median deposition velocities were highest for coniferous forests
and lowest for agricultural sites. Weighted averages show a
slightly different order, with the highest values again from con-
iferous forest sites, but the lowest for urban sites and water
surfaces (Figure 2.1).
While many studies (75 %) covered all four seasons, 18 % of
all studies only measured during one season. Two thirds of vd
values are based on continuous measurements; however, 21 %
and 11 % of all studies only covered up to three or up to six
weeks per season, respectively.
2.4 discussion and concluding remarks
We presented a compilation of ammonia deposition velocities
(Table A.1 in the Appendix) as a function of land-use based on
measurements, modelling studies and literature survey results
from the period 2004–2013. In total, 61 individual vd values (not
including duplicates) were extracted from 42 studies. Two studies
were omitted because they appeared to be reanalysis studies of
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Figure 2.1: Distribution of ammonia deposition velocities grouped
into different land-use categories. The boxes extend
from the lower to upper 75 % quartiles of the data; the
whiskers extend to the full range. The median and
weighted average of each group is denoted by the hori-
zontal bar and the dot, respectively. Note that the median
and 75 % quartile of the urban sites are equal and thus
not visually distinguishable in the figure.
Table 2.1: Medians, weighted averages and ranges of ammonia depos-
ition velocities categorised by land-use. n is the number of
individual data for each category.
nh3 deposition velocity vd (cm s−1)
land-use n (−) min max median weighted avg .
Coniferous forest 6 0.5 3.3 2.1 2.2
Mixed forest 4 0.4 3.0 1.2 1.5
Deciduous forest 4 0.3 1.8 0.9 1.1
Semi-natural 19 0.1 1.8 0.7 0.9
Urban 5 0.1 1.1 0.8 0.7
Water 3 0.5 0.9 0.6 0.7
Agricultural 18 0.2 7.1 0.4 1.0
Unspecified 2
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the same data set and two values could not unambiguously be
attributed to a specific land-use class.
Staelens et al. (2012) compiled a literature review of deposition
velocities for NH3, NO2 and SO2 from the period 1972—2006.
They report vd of 1.14 cm s−1 (min. 0.65, max. 1.71, n = 7) for
grassland and 1.56 cm s−1 (min. 0.80, max. 2.20, n = 6) for
heathland, both thereby slightly higher but in the same range as
our figure for semi-natural ecosystems of 0.9 cm s−1 (median 0.7;
min 0.1, max. 1.8, n = 19). Their average numbers for deciduous
forests, 1.54 cm s−1 (min. 0.81, max. 2.20, n = 4), and coniferous
forests, 2.91 cm s−1 (min. 2.00, max. 3.80, n = 12), are likewise
higher than ours of 1.1 cm s−1 (median 0.9, min. 0.3, max. 1.8,
n = 4) and 2.2 cm s−1 (median 2.1, min. 0.5, max. 3.3, n = 6) for
deciduous and coniferous forests, respectively. The Association
of German Engineers (VDI, 2006) reports a deposition velocity
of 1.5 cm s−1 for grass and 2.0 cm s−1 for forests, which is, again,
slightly higher, but not inconsistent with our findings. Reasons
for the mismatch might be the specific choices of categories
for aggregation and the averaging procedure. In addition, one
may want to calculate individual metrics for central tendency,
e.g. a truncated mean, a weighted median, or include outlier
corrections e.g. for the agricultural data set. Therefore, all data
used in this study are made available as supplementary material,
supported by a thoroughly commented IPython notebook that
shows all analysis steps and may be modified by all users.
Further reasons for the significantly lower values found in
more recent studies remain a matter of speculation. On the one
hand, the choice of tower position, e.g., central vs. edge spot
within a homogeneous fetch, might have had a considerable ef-
fect on NH3 concentration measurements. Studies like Flechard et
al. (2011) report data from sites where the positions of determin-
ation were almost exclusively located in central position in order
to represent the chosen land-use as good as possible. In a number
of former studies, however, research aims were more focused on
local transport and dispersion away from point sources such as
cattle urine patches, cattle sheds, and slurry tanks. Thus, higher
values of NH3 concentration formed the base for the derivation
of deposition velocities. On the other hand, improvements in
both measurement and modelling techniques could have also
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led to a lowered deposition regime. Optical devices such as ab-
sorption spectrometers (von Bobrutzki et al., 2010) use short and
heated inlet tubes, thereby avoiding more efficiently wall surface
reactions and memory effects. Consequently, more accurate input
data generates better parameterisations for canopy resistances in
surface-atmosphere exchange schemes.
Due to missing information in many studies, it was not pos-
sible to derive a robust dependency of deposition velocity on
reference height. It is well known that concentration profiles are
usually not strictly linear and therefore a constant concentra-
tion gradient governing the deposition process is not always a
valid assumption. However, a large number of authors did not
report the respective reference height. If it was provided, in many
cases no details e.g. on the consideration of zero plane displace-
ment height were reported. The same holds true for reporting
uncertainty estimates. Due to inconsistent use of terminology,
omission of details on the uncertainty estimation techniques and
on the nature of reported uncertainties (standard deviations,
standard errors, confidence intervals, ranges), or simply no men-
tion of uncertainty at all, it was not possible for us to do an error
propagation and report more than ranges for the aggregated
values of vd.
Note that we did not distinguish agricultural sites by differ-
ent management practices. Some authors, e.g. Cui et al. (2011),
explicitly report vd during different phases of management and
include fertilisation periods in the annual average. In other cases,
such as the data synthesis of Flechard et al. (2011), fertilisation
periods were excluded from dry deposition velocity estimates.
Furthermore, many authors did not report whether average vd
values were obtained from long-term average concentrations
and fluxes, or as an average of multiple individual (e.g. daily
or hourly) vd estimates, which may lead to differences in the
significance of singular events, like emission periods shortly after
fertilisation, with regard to the average deposition velocity.
It is worth noting that more than half of the values for the
ammonia deposition velocity are the results of inferential mod-
elling or the use of chemical transport models and not of direct
flux measurements, like those using aerodynamic gradient tech-
niques, which may play a role regarding the fact that our vd
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values are lower than those of comparable studies. However,
recent technical improvements, both in the area of modelling
(Flechard et al., 2013) and in measurement (von Bobrutzki et al.,
2010), especially in the field of optical techniques such as open
path DOAS (e.g., Volten et al., 2012) or QCL spectroscopy (e.g.
Ferrara et al., 2012, based on the concept of Nelson et al., 2004),
may lead to an increase of, or at least to more reliable ammonia
exchange studies in the near future.
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The great tragedy of science –
the slaying of a beautiful hypothesis by an ugly fact.
— Thomas Henry Huxley
abstract
The accurate representation of bidirectional ammonia (NH3)
biosphere-atmosphere exchange is an important part of mod-
ern air quality models. However, the cuticular (or external leaf
surface) pathway, as well as other non-stomatal ecosystem sur-
faces, still pose a major challenge of translating our knowledge
into models. Dynamic mechanistic models including complex
leaf surface chemistry have been able to accurately reproduce
measured bidirectional fluxes in the past, but their computa-
tional expense and challenging implementation into existing
air quality models call for steady-state simplifications. We here
qualitatively compare two semi-empirical state-of-the-art para-
meterisations of a unidirectional non-stomatal resistance (Rw)
model after Massad et al. (2010a), and a quasi-bidirectional non-
stomatal compensation point (χw) model after Wichink Kruit et
al. (2010), with NH3 flux measurements from five European sites.
In addition, we tested the feasibility of using backward-looking
moving averages of air NH3 concentrations as a proxy for prior
NH3 uptake and driver of an alternative parameterisation of non-
stomatal emission potentials (Γw) for bidirectional non-stomatal
exchange models. Results indicate that the Rw-only model has
a tendency to underestimate fluxes, while the χw model mainly
overestimates fluxes, although systematic underestimations can
occur under certain conditions, depending on temperature and
ambient NH3 concentrations at the site. The proposed Γw para-
meterisation revealed a clear functional relationship between
backward-looking moving averages of air NH3 concentrations
and non-stomatal emission potentials, but further reduction of
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uncertainty is needed for it to be useful across different sites. As
an interim solution for improving flux predictions, we recom-
mend to reduce the minimum allowed Rw and the temperature
response parameter in the unidirectional model and to revisit the
temperature dependent Γw parameterisation of the bidirectional
model.
3.1 introduction
Reactive nitrogen (Nr) deposition can contribute to a number of
adverse environmental impacts, including ecosystem acidifica-
tion, shifts in biodiversity, or climate change (Erisman et al., 2013).
Breakthroughs in the measurement of biosphere-atmosphere ex-
change of ammonia (NH3), the major constituent of Nr (Sutton
et al., 2013), have been made in the recent past with the rising
availability of high-frequency measurement devices that can be
used within the eddy-covariance method (e.g. Famulari et al.,
2004; Ferrara et al., 2012; Zöll et al., 2016), and a large body of
flux measurements using other measurement techniques, e.g. the
aerodynamic gradient method, has emerged from large-scale
projects such as NitroEurope (Sutton et al., 2011). These meas-
urements, however, are usually only representative for a specific
location and difficult to interpolate in space. Surface-atmosphere
exchange schemes that predict ammonia exchange fluxes from
measured or modelled concentrations and micrometeorological
conditions are used on both the local scale and within large-scale
chemical transport models (CTMs). Following the discovery of
the ammonia compensation point (Farquhar et al., 1980), these
models are nowadays able to reproduce bidirectional exchange
fluxes, i.e. both emission and deposition of ammonia, and typic-
ally feature at least a stomatal and a non-stomatal leaf surface
pathway. The addition of a soil- or leaf litter pathway by Nemitz
et al. (2001) has been recognised as an optimal compromise
between model complexity and accuracy of the flux estimates
(Flechard et al., 2013), although some uncertainties in the treat-
ment of the ground layer still prevail.
While the representation of the stomatal pathway has received
much attention in the literature due to its importance not only
for ammonia, but also for a large number of other atmospheric
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constituents, especially carbon dioxide (CO2) and water vapour
(H2O) (e.g. Ball et al., 1987; Farquhar and Sharkey, 1982; Jarvis,
1976), modelling non-stomatal exchange is still subject to consid-
erable uncertainty (Burkhardt et al., 2009). Ammonia is highly
soluble in water and thus readily deposits to water layers on
the leaf cuticle, and on any other environmental surface, fol-
lowing precipitation events, condensation of water vapour, or
due to the presence of hygroscopic particles on the surface. This
characteristic behavior is typically modelled with an exponential
relative humidity response function as a proxy for canopy wet-
ness, where a high relative humidity results in low non-stomatal
resistances, and vice-versa (e.g. Erisman et al., 1994; Sutton and
Fowler, 1993). A self-limiting effect of ambient ammonia con-
centrations on the deposition process, due to saturation effects
and an increase in surface pH, has been observed in experiments
(Cape et al., 2008; Jones et al., 2007a,b) and implemented in some
non-stomatal exchange models (e.g. Wichink Kruit et al., 2010).
Additionally, re-emission events during evaporation of leaf sur-
face water layers have been measured in the field, which hints at
the limits of these classical static and unidirectional approaches
(Wyers and Erisman, 1998). Sutton et al. (1998) and Flechard
et al. (1999) have successfully reproduced measurements of these
events on the field scale by modelling the water films as charged
capacitors for ammonia emissions; however, these models need
complex dynamic leaf chemistry modules which drastically in-
crease computational expense and necessary input variables and
consequently limit their applicability in large scale simulations.
Wichink Kruit et al. (2010) developed a static hybrid-model fea-
turing a non-stomatal compensation point approach in order to
simplify the model calculations and as an important step towards
the use of a bidirectional non-stomatal exchange paradigm within
large scale CTMs. In this paper, we compare the performance of
two state-of-the-art parameterisations of non-stomatal exchange:
The unidirectional approach of Massad et al. (2010a) and the
quasi-bidirectional approach of Wichink Kruit et al. (2010).
The Massad et al. (2010a) parameterisation has received wide-
spread acceptance in the community, with 53 citations according
to the literature database Thomson Reuters Web of Science at the
time of writing this article, and variants of it have been applied
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in numerous studies, e.g. recently in Shen et al. (2016), Moring
et al. (2016), Zöll et al. (2016), and others. Wichink Kruit et al.
(2010) followed a unique approach by simplifying complex dy-
namic approaches towards an empirical steady-state formulation
of a non-stomatal compensation point model, which is nowadays
used within the DEPAC3.11 deposition module (van Zanten et
al., 2010) and the chemistry transport model LOTOS-EUROS
(Wichink Kruit et al., 2012), and it is structurally compatible with
the Massad et al. (2010a) model. We highlight strengths and weak-
nesses of both approaches and apply them to five measurement
sites in Germany, the UK, the Netherlands and Switzerland. Pre-
dicted (effective) non-stomatal resistances are compared to those
inferred from nighttime flux measurements, when stomata are
mostly closed and the contribution of the non-stomatal pathway
to the total observed flux is dominant. In addition, we investig-
ate the potential of parameterising a bidirectional non-stomatal
exchange model by testing backwards-looking moving averages
of air ammonia concentrations as a proxy for prior ammonia
inputs into the ecosystem, eliminating the need for dynamic or
iterative flux-based approaches with the use of a readily available,
easy-to-calculate and easy-to-implement metric.
3.2 methods
3.2.1 Bidirectional ammonia exchange models
Ammonia dry deposition is typically modelled using an electrical
analogy based on a network of serial and parallel resistances.
The two-layer model structure introduced by Nemitz et al. (2001)
has been recognised as a good compromise between model com-
plexity, ease of use and accuracy of the resulting exchange fluxes
(Flechard et al., 2013), and it is the foundation for the paramet-
erisation of Massad et al. (2010a) that is used throughout this
study. However, in the Massad et al. (2010a) formulation, the
second (soil / leaf-litter) layer is essentially switched off for
semi-natural ecosystems and managed ecosystems outside of
management events, because soil emissions are expected to be
negligible in these cases. We therefore focus on the one-layer
big-leaf model (Figure 3.1) in this paper. For a list of variables
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used throughout this article, the reader is referred to Table B.1 in
the Supplement.
Figure 3.1: Structure of the single-layer model of NH3 surface-atmo-
sphere exchange used in this study. The non-stomatal
pathway can be treated either uni- or bidirectionally, de-
pending on the specific parameterisation. MNS = Massad
et al. (2010a); WK = Wichink Kruit et al. (2010).
In the simplest form, the canopy resistance model (e.g. Erisman
and Wyers, 1993; Wesely, 1989), surface-atmosphere-fluxes are
limited by three resistances in series: The aerodynamic resist-
ance Ra{z− d} (s m−1) at the reference height z− d (m) (where
z (m) is the measurement height above ground and d (m) is the
zero-plane displacement height), the quasi-laminar boundary
layer resistance Rb (s m−1), and the canopy resistance Rc (s m−1).
While Ra{z− d} and Rb are mainly dependent on micrometeor-
ological conditions, surface roughness and chemical properties
of the compound of interest, Rc is directly dependent on the
characteristics of the vegetated surface. The inverse of the sum of
these three resistances is called the deposition velocity, vd{z− d}
(m s−1).
Rc is further split into a stomatal pathway with the stomatal
resistance Rs (s m−1), and a non-stomatal (or cuticular) pathway
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with the non-stomatal resistance Rw (s m−1) (e.g. Erisman et al.,
1994; Sutton et al., 1998). Stomatal exchange is usually mod-
elled bidirectionally for ammonia in field scale studies and some
CTMs, i.e. it is assumed that there is a non-zero gaseous am-
monia concentration χs (µg m−3) in equilibrium with dissolved
ammonia in the apoplastic fluid. This concentration is often
called the stomatal compensation point, although strictly speak-
ing the compensation point is only met when χs is approximately
equal to the air ammonia concentration at the reference height
χa{z− d} (µg m−3) and consequently the net flux Ft (µg m−2 s−1)
is zero (Farquhar et al., 1980). The non-stomatal pathway is mod-
elled unidirectionally in many parameterisations, i.e. the gaseous
ammonia concentration in equilibrium with the solution on the
external leaf surfaces χw (µg m−3) is assumed to be zero, although
observational evidence indicates that this pathway is in fact bid-
irectional as well (e.g. Neirynck and Ceulemans, 2008). A canopy
compensation point, χc (µg m−3), that integrates these two path-
ways can be calculated as (e.g. Sutton et al., 1995; modified to
include χw):
χc =
χa{z− d} · (Ra + Rb)−1 + χs · R−1s + χw · R−1w
(Ra{z− d}+ Rb)−1 + R−1s + R−1w
, (3.1)
and the total net flux of ammonia to or from the ecosystem, Ft
(µg m−2 s−1) as
Ft = − χa{z− d} − χcRa{z− d}+ Rb , (3.2)
where by convention negative fluxes indicate deposition towards
the surface and positive fluxes indicate emission. This is typically
done on a half-hour basis for consistency with flux measurement
practices. Ra{z − d} and Rb are here modelled after Garland
(1977) as:
Ra{z− d} = u{z− d}u2∗
−
ΨH
{
z−d
L
}
−ΨM
{
z−d
L
}
k · u∗ , (3.3)
and
Rb = u−1∗
[
1.45 ·
(
z0 · u∗
νair
)0.24
·
(
νair
DNH3
)0.8]
, (3.4)
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where u{z− d} (m s−1) is the wind speed at the reference height,
u∗ (m s−1) is the friction velocity, L (m) is the Obukhov length, k
(−) is the von Kármán constant (k = 0.41), ΨH (−) and ΨM (−)
are the integrated stability corrections for entrained scalars and
momentum, respectively, after Webb (1970) and Paulson (1970),
z0 (m) is the roughness length, νair (m2 s−1) is the kinematic
viscosity of air, and DNH3 (m
2 s−1) is the molecular diffusivity
of ammonia in air. Rs can be modelled using at least a light
and temperature response function (e.g. Wesely, 1989), often
with additional reduction factors accounting for vapour pressure
deficit, soil moisture and other environmental variables (e.g.
Emberson et al., 2000). However, this study focuses on nighttime
fluxes when non-stomatal fluxes are assumed to be dominant. If
Rs is assumed to approach infinity at during nighttime, all terms
involving Rs in Eq. (3.1) collapse to zero.
3.2.2 Most recent non-stomatal resistance parameterisations
3.2.2.1 Massad et al. (2010a)
Based on an extensive meta-analysis, Massad et al. (2010a) de-
rived a parameterisation (henceforth referred to as MNS) for a
unidirectional non-stomatal pathway model (i.e. χw = 0) that
models the effect of the air pollution climate by incorporating
a so-called acid ratio, AR (−), to scale the minimum allowed
Rw. It is defined as the molar ratio of average total acid/NH3
concentrations, AR = (2[SO2] + [HNO3] + [HCl])/[NH3] and is
an extension of the classical [SO2]/[NH3] co-deposition proxy
concept following the decline of SO2 emissions in Europe during
the last few decades (e.g., Erisman et al., 2001). In addition, ef-
fects of leaf area index LAI (m2 m−2) and temperature T (◦C) are
modelled following Zhang et al. (2003) and Flechard et al. (2010),
respectively. With all corrections Rw is given as:
Rw,MNS = Rw,min · AR−1 · ea·(100−RH) · e
β·|T|
√
LAI
, (3.5)
where Rw,min = 31.5 s m−1 is the baseline minimum Rw, a (−) is
an empirical ecosystem-specific parameter ranging from 0.0318
± 0.0179 for forests to 0.176 ± 0.126 for grasslands, RH (%) is
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relative humidity, LAI (m2 m−2) is one-sided leaf area index, β =
0.15 ◦C−1 is a temperature response parameter, and T (◦C) is the
temperature. The exponential decay parameter a was calculated
as an average of a values per land-use class reported in the liter-
ature (Massad et al., 2010a). Note that the temperature response
was originally derived using temperatures scaled to the notional
height of trace gas exchange z0′ (m). Since sensible heat flux
measurements, which are required for this extrapolation (e.g.
Nemitz et al., 2009), were not available for all sites, we here used
measured air temperatures instead. The influence of using T and
RH at the reference height instead of z0′ is discussed later in
this paper. Contrary to the original formulation of Flechard et al.
(2010), Massad et al. (2010a) do not use absolute values of |T|
(◦C), but we chose to do so under the assumption that generally
Rw increases in freezing conditions (e.g. Erisman and Wyers,
1993).
3.2.2.2 Wichink Kruit et al. (2010)
Following the bidirectional non-stomatal exchange paradigm
introduced in the cuticular capacitance model of Sutton et al.
(1998), Wichink Kruit et al. (2010) developed a simplified steady-
state non-stomatal compensation point (χw) model (henceforth
referred to as WK) using three years of flux measurements over an
unfertilised grassland in the Netherlands. In this model, a simple
exponential humidity response after Sutton and Fowler (1993)
is used as an approximation for Rw under low ambient NH3
concentrations, where saturation of the external leaf surfaces is
unlikely (Milford et al., 2001a; Wichink Kruit et al., 2010):
Rw,WK = 2 · e 112 ·(100−RH). (3.6)
χw (µg m−3) is calculated from the temperature response of the
Henry equilibrium and the ammonium-ammonia dissociation
equilibrium, similar to formulations used for the stomatal com-
pensation point (e.g., Nemitz et al., 2000), as:
χw =
2.75 · 1015
T + 273.15
· e
(
− 1.04·104T+273.15
)
· Γw, (3.7)
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where Γw (−) is the non-stomatal emission potential and corres-
ponds to the molar ratio of [NH4+] to [H+] in the leaf surface
water layers. Wichink Kruit et al. (2010) derived a functional
relationship for Γw from measurements of the ammonia air con-
centration at a reference height of 4m:
Γw = 1.84 · 103 · χa{4 m} · e−0.11·T − 850. (3.8)
The WK model is only structurally bidirectional in that the effect
of the air pollution climate is shifted from Rw to χw. In practice,
as χw is parameterised as a fraction of χa, no emissions can occur
(cf. van Zanten et al., 2010, Appendix F).
An effective non-stomatal resistance, Rw,eff. (s m−1), that pro-
duces identical results when used with a unidirectional non-
stomatal resistance-only model, can be written as:
Rw,eff. =
χc · Rw
χc − χw , (3.9)
or during nighttime conditions, when Rs is here assumed to
approach infinity:
Rw,eff.,nighttime =
χa{z− d} · Rw + χw · (Ra{z− d}+ Rb)
χa{z− d} − χw . (3.10)
Note that Wichink Kruit et al. (2010) used surface temperatures
estimated from outgoing longwave radiation and the Stefan-
Boltzmann law, but in practice the model is routinely run with
air temperatures within the DEPAC3.11 code (van Zanten et al.,
2010). As with the MNS model, the difference between using
air and surface temperatures when the latter was available was
investigated in a small sensitivity study.
3.2.3 Theoretical considerations and generation of hypotheses
The MNS model uses a minimum non-stomatal resistance Rw,min
of 31.5 s m−1, which is further significantly increased when AR <
1, RH < 100%, LAI < 1 and T 6= 0 ◦C (Figure 3.2). For example,
at AR = 0.5 and T = 10 ◦C, the minimum allowed Rw at 100%
relative humidity lies between 163 and 282 s m−1 for an LAI
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range of 1 to 3m2 m−2. It is evident from Table 1 of Massad et
al. (2010a) that AR < 1 is no rare occurrence, but compared to
minimum measured Rw (ibid.) predicted values appear to be
rather high. It should also be noted that in the MNS model, the
deposition velocity can never reach the maximum limit allowed
by turbulence vd,max{z− d} (m s−1):
vd,max{z− d} = (Ra{z− d}+ Rb)−1 . (3.11)
The temperature dependent parameterisation of Γw in the WK
model can lead to contrasting effects: When temperatures in-
crease, the exponential decay function in Eq. (3.8) can completely
counter the growth of Eq. (3.7). In other words, depending on
NH3 air concentration levels, after a certain cut-off temperat-
ure the non-stomatal compensation point χw decreases (Figure
3.2), although with a constant Γw, an equilibrium shift towards
gaseous ammonia would be expected to lead to a further expo-
nential increase of χw. Consequently, when T is high and χw
approaches zero, χc is canceled out in Eq. (3.9) and Rw,eff. be-
comes equal to the clean air Rw,WK (Eq. (3.6)), which at 100%
relative humidity is as low as 2 s m−1.
Based on these considerations, we hypothesise that:
1. The MNS model has a tendency to overestimate Rw and
consequently to underestimate Ft, especially at sites with
low acid ratios.
2. The WK model has a tendency to underestimate Rw and
consequently to overestimate Ft, especially during high
temperatures and low air ammonia concentrations.
3.2.4 Derivation of nighttime non-stomatal resistances from flux meas-
urements
Non-stomatal resistance models are parameterised using flux
measurements during reasonably turbulent, i.e. near neutral
or only slightly stable, nighttime conditions. When stomatal
closure is high and therefore Rs  Rw, we can assume that the
canopy resistance Rc is approximately equal to Rw based on the
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single-layer model when the non-stomatal pathway is treated
unidirectional:
Rw,obs. ≈ −χa{z− d}Ft − (Ra{z− d}+ Rb) , (3.12)
where Rw,obs. (s m−1) is the observed non-stomatal resistance,
and Ft is in µg m−2 s−1. Rw,obs. values were selected from turbu-
lent nighttime conditions (e.g. Wichink Kruit et al., 2010), when
Ra{z− d}+ Rb < 200 s m−1, u∗ > 0.1m s−1, and global radiation
< 10W m−2.
Existing datasets of flux measurements were used for a compar-
ison of measured and modelled Rw. These measurements were
conducted at two peatland sites, Auchencorth Moss (AM) in the
United Kingdom, and Bourtanger Moor (BM) in Germany, as
well as three grassland sites, Oensingen (OE) in Switzerland, and
Solleveld (SV) and Veenkampen (VK), both in the Netherlands.
At AM, OE, SV and VK, the aerodynamic gradient and at BM the
eddy-covariance method was used. For detailed site and meas-
urement setup descriptions, the reader is referred to Flechard
et al. (1999) for AM, Zöll et al. (2016) and Hurkuck et al. (2014)
for BM, and Spirig et al. (2010) for OE. SV and VK datasets are
unpublished as of now. SV is best characterised as a semi-natural
grassland and is located in the dune area west of The Hague,
NL. NH3 concentration profiles were measured using a Gradi-
ent Ammonia High Accuracy Monitor (GRAHAM, Wichink Kruit
et al., 2007) system with inlets at 0.8, 1.7 and 3.6m above ground.
VK is an experimental grassland site used by Wageningen UR
for meteorological measurements, where NH3 was sampled at
0.8 and 2.45m above ground using Differential Optical Absorption
Spectroscopy (DOAS, Volten et al., 2012). A brief overview of meas-
urement conditions at the five sites is given in Table 3.1. LAI and
canopy height hc (m) measurements were available for AM and
OE, and the default values proposed in Table 6 of Massad et al.
(2010a) were used at the other sites. Emission events at OE not
suitable for this study were filtered out by removing 9 days of
measurements after a fertilisation event, based on the e-folding
time of 2.88 days used for fertiliser emission potentials in Massad
et al. (2010a), which translates into a 95% extinction time of 8.63
days for the management influence. For VK, no management
logs for the measurement site or the surrounding fields were
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available and only two strong emission periods were removed
manually after visual inspection of the dataset.
3.2.5 Proposal for a semi-dynamic parameterisation of non-stomatal
emission potentials
The Wichink Kruit et al. (2010) parameterisation was developed
for frameworks within which the use of dynamic cuticular capa-
citance models in conjunction with leaf surface chemistry mod-
ules may not be practical (e.g. to limit computation time of large
scale CTMs). While it is capable of modelling saturation effects
with an ambient ammonia concentration dependent non-stomatal
compensation point, it only relies on χa at the current calcula-
tion step. A compromise between the truly dynamic models of
Sutton et al. (1998) and Flechard et al. (1999) and the steady-state
simplification of Wichink Kruit et al. (2010) would respect the
site’s history of reactive nitrogen inputs without falling back to
a numerically dynamic model and, consequently, the same diffi-
culties that limit the application of existing dynamic approaches
in large-scale models, i.e. it would need to use a proxy for pre-
vious nitrogen deposition without relying on the model’s flux
predictions at an earlier calculation time. We here additionally
investigate the feasibility of a Γw parameterisation based on
backward-looking moving averages of air ammonia concentra-
tions as a proxy for prior NH3 inputs into the system which
might saturate leaf water layers and enhance the compensation
points. If such a relationship exists, it can provide an easy-to-use
metric that can be calculated from readily available observations
without the need for spinning up and iteratively solving a model
for Ft estimates, while still allowing the use of a more mechan-
istic bidirectional approach to non-stomatal exchange. Γw values
are derived as done by Wichink Kruit et al. (2010), i.e. Rw is
parameterised for clean air according to Eq. (6), χw is calculated
as
χw = χa{z− d}+ Ft · (Ra{z− d}+ Rb + Rw,WK) , (3.13)
and finally, Γw is calculated by rearranging Eq. (3.7) to:
Γw =
T + 273.15
2.75 · 1015 · e
(
1.04·104
T+273.15
)
· χw. (3.14)
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The relationship was investigated for moving-windows of differ-
ent lengths (1 day, 3 days, 7 days, and 14 days) under exclusion
of periods with substantial rainfall (> 5mm d−1).
3.3 results and discussion
3.3.1 Comparison of existing parameterisations with observations
The MNS model tends to underestimate nighttime Ft at all five
sites, whereas the WK model overestimates Ft for BM, OE and SV,
underestimates it for VK, and only very slightly underestimates
it for AM (Figure 3.3). Note that total cumulative Ft in Figure 3.3
is by no means representative for an estimate for total NH3 input
during these times, but based on non-gap filled nighttime fluxes
only. Additionally, a mismatch between modelled and measured
flux densities early in the time series propagates through the
whole time series of cumulative fluxes. For example, at BM the
MNS model performs very well after a mismatch during the
first week, whereas the WK model fits the observations closely
until mid-March 2014. Similarly, the strong measured deposition
event early in the VK time series is not reproduced by either of
the models. Comparing differences in modelled and measured
nighttime Rw (Figure 3.4, upper row) supports these observations:
While using the MNS model leads to an overestimation of the
majority of observed Rw at all sites, as hypothesised, the picture is
not as clear for WK. Here, the majority of modelled Rw values lies
below the observations for BM, OE, SV and VK, however, for AM
and VK both frequent over- and underestimations of Rw canceled
each other out, thereby leading to fairly reasonable predicted net
fluxes at these two sites. The inverse of these resistances, the non-
stomatal conductance Gw = R−1w may be a better predictor for the
resulting fluxes, as very high resistances have a negligible effect
on fluxes. Differences between modelled and measured Gw are
shown in the lower row of Figure 3.4 and generally lead to similar
conclusions (note that here underestimations of Gw directly lead
to underestimations of Ft), but emphasise the relatively good
predictive capabilities of MNS at BM and WK at VK during most
times, which may not immediately be obvious from looking at
cumulative fluxes (Figure 3.3).
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We attribute the mismatch of the MNS model results and meas-
urements to the relatively high baseline minimum allowed Rw
and the strong response of the temperature correction function
(Figure 3.5, left panel). Note that AR at all sites is lower than 1,
ranging from 0.1 at BM to 0.7 at AM, which results in minimum
Rw of 315 and 45 s m−1 before LAI and T correction, respectively.
For example, at OE with an AR of 0.4 and an average LAI of
approximately 2m2 m−2, even under conditions highly favour-
ing deposition towards the external leaf surface in the MNS
model (RH = 100%, T = 0 ◦C), deposition velocity is restricted
to an upper bound of 1.8 cm s−1, although observations regu-
larly exceeded this threshold. In their comprehensive literature
review, Massad et al. (2010a) themselves report Rw,min between
1 and 30 s m−1 for grassland and between 0.5 and 24 s m−1 for
semi-natural ecosystems. In their parameterisation of Rw, on the
other hand, the actual deposition velocity can never approach
the theoretical limit allowed by turbulence (Eq. (3.11)), although
this case was regularly observed in the field. This is of course
true for all unidirectional Rw parameterisations of the commonly
used Rw = Rw,min · ea·(100−RH) form, however, in the WK model
a small minimum Rw of 2 s m−1 allows vd{z− d} to approach
vd,max{z− d} closely. Regarding the temperature correction, the
parameter β = 0.15 ◦C−1 translates into an increase of Rw by a
factor of 4.5 with a T increase of 10K. Equation (3.7), however,
only predicts an increase of the compensation point χw by a
factor of approximately 2.8 to 4.1 for a T increase of 10K, de-
pending on the starting temperature, which translates into a
significantly smaller factor for Rw,eff. considering the influence of
other variables in Eq. (3.9) and / or Eq. (3.10). Note, the relatively
good agreement with measured fluxes at BM, despite the very
low AR.
Reasons for strikingly diverse performance of the WK model
are not straightforward, but may be explained based on the com-
bined effect of T and χa on the Γw parameterisation, as depicted
in Figure 3.2. For example, at BM the model performs relatively
well until mid-March 2014 (Figure 3.3), when measured fluxes
decrease, whereas modelled fluxes remain at a similar level and
later even increase. This observation corresponds to an increase
in both T and χa at the site cf. (cf. Zöll et al., 2016), leading to a
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Figure 3.5: Differences between modelled and measured 30min
nighttime non-stomatal resistances (∆Rw) as a function
of T and / or χa. Left panel: Increasing mismatch of
measured and modelled Rw in the MNS model due to a
too strong T response. The line-shaped pattern emerges
from times when observed Rw is zero and is equal in
magnitude to the minimum allowed Rw in the paramet-
erisation. Right panel: The WK model reveals a tendency
for both stronger over- and underestimation of observed
Rw with increasing χa, where overestimation occurs more
frequently during colder and underestimation during
warmer conditions.
decrease in effective Rw and therefore an increase in modelled
Ft. In fact, with all sites pooled into one combined dataset, two
interesting characteristics of the parameterisation emerge from
a plot of differences in modelled and measured Rw against χa
(Figure 3.5, right panel): (i) The underestimation of Rw does in-
deed increase with rising temperatures and χa, as hypothesised.
(ii) There is an additional tendency to actually overestimate Rw
when temperatures are relatively low, which strongly responds
to increasing χa and may be an indication of a too high modelled
Γw under these conditions. These two contrasting effects may
explain the good agreement of net modelled and measured cu-
mulative fluxes e.g. at AM, where concentrations were relatively
low during most times and both low and high temperatures
without extremes were measured.
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3.3.2 Semi-dynamic Γw
Estimated non-stomatal emission potentials Γw appear to have
a strong dependency on backward-looking moving averages of
measured air ammonia concentrations χa,MA (µg m−3) (Figure
3.6). While this may indicate some potential as an easy-to-use
and readily available proxy for prior NH3 inputs without the
need for more complex and / or computationally intensive mech-
anistic models, estimated Γw values are extremely noisy and
span multiple orders of magnitude in the < 5 µg m−3 range. An
increase in the moving-window length from 1 day (Figure 3.6a)
to 14 days (Figure 3.6d) does not lead to a substantial decrease
in the magnitude of the noise. There is a very clear linear rela-
tionship when log-transforming both Γw and χa,MA (R2 = 0.62
for the 1 day moving average case; not shown), however, the
strong variability of the data, especially in the low-concentration
region, leads to a best fit that predicts large Γw even at concen-
trations as low as 1 µg m−3 (Γw ≈ 380), which eventually ends in
unreasonably high emission fluxes. Without further noise reduc-
tion, this approach appears unfeasible as an alternative to more
sophisticated dynamic models (e.g. Flechard et al., 1999) or those
featuring additional dependencies as the one of Wichink Kruit
et al. (2010). Making the moving-window width dependent on
time since the last substantial precipitation event might help re-
duce this noise and lead to a more realistic representation, but in
turn complicates the implementation and increases the degrees
of freedom in this approach, thereby reducing its advantage over
mechanistically more accurate models.
3.3.3 MNS with updated parameters
Since we hypothesised the reasons for the mismatch between
modelled Rw with the MNS model and measured Rw,obs. to be
based on two easily accessible parameters with relatively obvi-
ous effects on modelled resistances (Rw,min and the temperature
response parameter β in Eq. (3.5)), we additionally investigated
the effects of adjusting them towards smaller values. Figure
3.7 shows the effects of simply halving both Rw,min and β on
predicted nighttime fluxes. Even though there still remains signi-
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ficant scatter, doing so decreases the mismatch between modelled
and measured fluxes in most cases. However, in one case (BM)
predicted fluxes actually turn out to fit the measurements worse
than with the original parameters, and in another case (VK) this
only leads to a marginal improvement. This exercise highlights
the potential for a significant overall improvement in NH3 flux
predictions by optimising these two parameters based on inde-
pendent data from all four ecosystem types (grassland, arable,
forest and semi-natural ecosystems) used in the MNS paramet-
erisation.
3.3.4 Sensitivity of the main findings
Parts of both models used in this study were developed using
an estimate of surface temperatures, either by extrapolating T
from the reference height z− d to the notional height of trace gas
exchange z0′ using sensible heat flux H (W m−2) measurements,
or by estimating T{z0′} from outgoing long wave radiation meas-
urements and the Stefan-Boltzmann law. Additionally, the tem-
perature response function of Flechard et al. (2010), which is used
within the MNS model, was fitted using surface level values of
relative humidity, RH{z0′} which were derived using measured
latent heat fluxes LE (cf. Nemitz et al., 2009). Since H and LE
measurements were not available at all sites and introduce an
additional source of uncertainty, especially during moderately
stable nighttime conditions, and the WK model is routinely be-
ing used with air temperatures within the DEPAC3.11 code, we
here used both T and RH at the reference height as input data.
Figure 3.8 (upper row) illustrates the effects of using T and RH
at different conceptual model heights for AM. While there are
of course numerical differences, they do not lead to significant
differences in the main findings of this study. Generally, the WK
model appears to be less sensitive to these choices than the MNS
model.
For both SV and VK, no measurements of [HNO3] and [HCl]
were available. We estimated AR for the MNS model based on the
observations of Fowler et al. (2009), that across NitroEurope sites,
[SO2] makes up around 40% of the sum [SO2] + [HNO3] + [HCl]
to be approximately 3.5 times the ratio of [SO2]/[NH3]. From
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the definitions AR = (2[SO2] + [HCl] + [HNO3])/[NH3] and
SN = [SO2]/[NH3], a lower bound of AR ≥ 2 ·SN is obvious.
Using a symmetrical range around our initial estimate of AR ≈
3.5 ·SN, we set an additional upper bound of AR ≤ 5 ·SN and
tested the effects of using these values on Rw differences for
both affected sites (Figure 3.8, lower row). Again, there are ap-
parent numerical differences, but they do not affect the main
observations made here (i.e. they neither change the sign of the
differences in modelled and measured Rw, nor do they change
the general magnitude of the differences e.g. from a strong over-
estimation to an insignificant one).
3.3.5 Sources of uncertainty
Nighttime Rw,obs. are affected by (i) the uncertainty in the flux
measurements, which can be high due to insufficient turbulent
mixing, and (ii) uncertainty in modelled Ra{z− d} and Rb, which
results from increasingly high stability corrections (ΨM
{
z−d
L
}
and ΨH
{
z−d
L
}
) under increasing atmospheric stability, possible
inaccuracy of estimated z0 and d, and possible inadequacy of
the Rb model for some surfaces. We therefore emphasise that
the results of this study are to be interpreted qualitatively and
can only reveal overall tendencies in the models’ accuracy, not
provide a precise quantification of the mismatch between models
and measurements. Propagation of these uncertainties through
the analysis resulted in some negative values of Rw,obs.. There
are generally two possible reasons for negative canopy resistance
values to occur: (i) emission (i.e. positive fluxes), or (ii) overfast
deposition (vd{z − d} > vd,max{z − d}) that is not compatible
with the resistance modelling framework used here. As a rule
of thumb, we set an upper tolerance threshold for vd{z− d} of
1.5 ·vd,max{z − d}, considered to be within the limits of night-
time flux measurement uncertainty and representing perfect sink
behavior, and consequently set Rw,obs. to zero in these cases.
Measurements where vd{z− d} > 1.5 ·vd,max{z− d} were dis-
carded and assumed to be either resulting from incompatibility
with the atmospheric resistance (Ra{z− d}, Rb) model or from
measurement error. During emission events, Rw,obs. was set to
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infinity. Ranges from 2 to 16% invalid values, 63 to 93% depos-
ition and 4 to 29% emission were observed across the five sites
during near-neutral nighttime conditions. The latter especially
highlights the importance of further research towards a truly
bidirectional paradigm for non-stomatal exchange (i.e. cuticular
desorption, ground-based emissions, or emission fluxes from
other environmental surfaces).
An additional investigation of daytime non-stomatal exchange
would be beneficial in terms of a significant reduction of uncer-
tainty in the observations and in order to cover a much wider
range of temperatures and humidity regimes. However, comparis-
ons based on daytime flux estimates were not made in this study
in order not to introduce an additional source of bias via the
stomatal pathway. Both Massad et al. (2010a) and Wichink Kruit
et al. (2010) also presented parameterisations for the stomatal
emission potential, Γs (−). However, for MNS information about
annual total (dry and wet) N input into the system is necessary.
While this issue can be overcome by iteratively solving a model
with more reactive nitrogen species, so that N input is both a
parameter, and a result of the simulation, we here used a model
that only predicts NH3 dry deposition, which we do not con-
sider to be sufficient information to estimate total N input to
our sites. At sites where total N input is known (e.g. BM, from
Hurkuck et al. (2014), or from CTM results for other sites), the
MNS and WK parameterisations both predict very different Γs
estimates. The reasons for this mismatch have, to our knowledge,
not been investigated to date. We therefore decided to not model
the stomatal pathway explicitly and rely on nighttime fluxes only.
Explicitly modelling the stomatal pathway with physiologically
accurate stomatal conductance models may have the additional
benefit of being able to assess bias in the estimation of non-
stomatal resistances introduced by nighttime stomatal opening,
naturally resulting in a lower contribution of the non-stomatal
pathway to the total observed flux. However, note that a distinc-
tion between physiological accuracy and the purpose which the
derived resistances are used for has to be made. While nighttime
stomatal opening is a well-known phenomenon (e.g. Caird et al.,
2007), it is rarely respected in modelling studies (e.g. Fisher et al.,
2007). A physiologically accurate Rw parameterisation used in
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conjunction with a stomatal model that does not account for
nighttime stomatal opening would result in biased fluxes. We
here derived Rw under the assumption that stomata are closed
at night to ensure comparability with Rw values predicted by
the WK and MNS parameterisation, respectively, and compat-
ibility with most operational biosphere-atmosphere exchange
schemes, but we acknowledge that the physiological meaning
may be confounded by stomatal flux contributions at night.
Another source of uncertainty lies in the fact that Rw models
are often developed as cuticular resistance models with only leaf
surface exchange in mind. However, in the one-layer resistance
framework used here it is not possible to clearly differentiate
between deposition towards or emission from wet leaf surfaces,
leaf litter, the soil, stems and branches, and any other environ-
mental surface. In fact, the MNS model was originally developed
on the basis of the two-layer model of Nemitz et al. (2001), but
outside of management events, the ground layer resistance was
set to infinity in order to transform the model structure to that
of a one-layer model (Massad et al., 2010a). While it is indeed
conceptually unsatisfactory to ignore the source / sink strength
of the ground-layer, an unambiguous identification of multiple
non-stomatal pathways’ flux contributions by simply inverting
the model and inferring resistances from meteorological meas-
urements is not possible, unless there is a signal that can con-
fidently be attributed to originate from e.g. the ground layer
(for instance after fertiliser application). Therefore, due to these
methodological limitations, both the parameterisations and the
measurements of Rw discussed in this paper may very well in-
tegrate exchange fluxes with not only wet leaves, but also e.g.,
the the soil, stems and branches, or other surfaces.
3.4 conclusions
We presented a semi-quantitative assessment of the compared
performances of two state-of-the-art non-stomatal resistance para-
meterisations for ammonia biosphere-atmosphere exchange mod-
els, supported by flux measurements from two semi-natural
peatland and three grassland sites.
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The unidirectional Rw-only approach of Massad et al. (2010a),
which, in addition to the classical humidity response, reflects
the effects of the air pollution climate, vegetation via the leaf
area index, and an empirical temperature response, was found
to overestimate Rw during nighttime at all five sites. Adjusting
the temperature response and minimum Rw parameters in the
MNS model towards smaller values resulted in a better match
between modelled and measured NH3 fluxes at most, but not
all sites. We suggest to further investigate the potential of re-
calibrating these parameters to flux data from all four ecosystem
types represented in the MNS Rw parameterisation. Compared
to measured values found in the literature (e.g. Massad et al.,
2010a, Table 1), especially the minimum predicted Rw at sites
with low atmospheric acid-to-ammonia ratios appear too high.
The quasi-bidirectional model of Wichink Kruit et al. (2010)
shows a more complex response to varying air pollution climates
and meteorological conditions, with both a tendency to underes-
timate Rw, as initially hypothesised, during warm conditions and
moderately high ambient NH3 concentrations, and a tendency to
overestimate Rw during colder conditions, with an even stronger
response to increasing χa. While there is likely no simple solution
as may be the case for the MNS model, the WK parameterisation
with its non-stomatal compensation point approach appears to
be conceptually more compatible with field observations (e.g.
morning peaks of NH3 emission due to evaporation of leaf sur-
face water). We suggest revisiting the Γw parameterisation with
additional data from other ecosystems and investigating alternat-
ive approaches to model the effects of seasonality in Γw, e.g. by
using a smoothed temperature response instead of an instantan-
eous one. An extension of the model with an SO2 co-deposition
response is currently being researched.
A simple alternative approach to dynamic models for the non-
stomatal emission potential revealed a clear response of Γw to
backward-looking moving averages of χa. These findings may
turn out to be promising for CTMs, as they provide a first step
towards a simplification of computationally intensive mechanistic
model. However, further noise reduction, especially in the low
concentration region, is needed for it to be useful for predicting
NH3 exchange fluxes.
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code and data availability
Python 2.7 code for the resistance model parameterised after
Massad et al. (2010a) and Wichink Kruit et al. (2010), as well as
the data analysis code, can be requested from the lead author via
email (frederik.schrader@thuenen.de). Measurement data from
AM, BM and OE are property of the respective authors (cf. Table
3.1); for the SV and VK datasets, please contact M. C. van Zanten
(margreet.van.zanten@rivm.nl).
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In science, one can learn the most
by studying what seems the least.
— Marvin Minsky
abstract
Stomatal conductance, one of the major plant physiological con-
trols within ammonia (NH3) biosphere-atmosphere exchange
models, is nowadays commonly estimated from semi-empirical
multiplicative schemes or simple light- and temperature-response
functions. However, due to their inherent parameterisation on
meteorological proxy variables, instead of a direct measure of
stomatal opening, they are unfit for the use in climate change
scenarios and of limited value for interpreting field-scale meas-
urements. Alternatives based on water (H2O) flux measurements
suffer from uncertainties in the partitioning of evaporation and
transpiration at humid sites, as well as a potential decoupling
of transpiration from stomatal opening in the presence of hygro-
scopic particles on leaf surfaces. We argue that these problems
may largely be avoided by directly deriving stomatal conduct-
ance from measured or modelled carbon dioxide (CO2) fluxes
instead. In a case study, we reanalyse a dataset of NH3 flux
measurements based on CO2-derived stomatal conductances,
successfully confirming the hypothesis that the increasing relev-
ance of stomatal exchange with the onset of vegetation activity
caused a rapid decrease of observed NH3 deposition velocities.
Finally, we argue that a focus on developing more mechanistic
representations of NH3 biosphere-atmosphere exchange can be
of great benefit in many applications. These range from model-
based flux partitioning approaches, over the implementation of
deposition monitoring networks using low-cost samplers and in-
ferential modelling, to a direct response of NH3 exchange models
to projected climate change impacts.
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4.1 introduction
Excessive dry deposition of reactive nitrogen has long been re-
cognised as a major threat to both the environment and human
health alike, as it can lead to shifts in biodiversity, especially in
natural ecosystems, phytotoxic effects, elevated greenhouse-gas
emissions, as well as respiratory and other health-related issues
(Erisman et al., 2013). Ammonia (NH3) is considered to be one of
the most important constituents of total reactive nitrogen, with
global emission estimates ranging from 46–85Tg N yr−1, likely
more than half of which originate from agricultural produc-
tion (Sutton et al., 2013). The accurate representation of NH3
biosphere-atmosphere exchange within models is thus of great
importance to build an adequate set of tools necessary to assess
the whole lifecycle and impacts of reactive nitrogen compounds
– from emission sources, over transport and chemical reactions
in air, to their deposition. The difficulty with quantification of
ammonia air-surface exchange is that because of the equilibrium
with water NH3 can easily be absorbed and desorbed if not
fixed and therefore there is a high spatial and temporal variation
in fluxes. There have been considerable efforts to improve the
parameterisation of the bidirectional NH3 exchange estimates in
recent years (Massad et al., 2010a; Personne et al., 2009; Wichink
Kruit et al., 2010; Zhang et al., 2010, and others); however, major
uncertainties still prevail.
For instance, Schrader et al. (2016), among others, have recently
highlighted uncertainties with the treatment of the non-stomatal
pathway that can generally be attributed to (i) computational ef-
fort associated with a more realistic treatment of bidirectionality
in the fluxes (e.g., Flechard et al., 1999; Sutton et al., 1998) and
(ii) a lack of available measurement data across a wide range
of ecosystems and pollution levels that are necessary for cal-
ibration and validation of new schemes (Flechard et al., 2013).
Additionally, Flechard et al. (2013) note a lack of inter-species
coupling in current models, not only in terms of often-neglected
gas-particle interconversion within and above the canopy, or the
still rather unrefined treatment of NH3-SO2-codeposition para-
meterisations based on relatively few observations (Nemitz et
al., 2001; Wichink Kruit et al., 2017), but also within the repres-
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entation of stomatal exchange. Most chemistry transport mod-
els (CTMs) nowadays employ multiplicative Jarvis (1976)-Type
functions or other (semi-)empirical approaches for modelling sto-
matal conductance (e.g., Simpson et al., 2012; van Zanten et al.,
2010), which is one of the most important plant physiological
controls of NH3 exchange. However, these models might be unfit
for some tasks that require direct site-specific measurements of
the stomatal conductance instead of parameterisations based on
proxy variables. On the other hand, many measurement sites that
are used for measuring and modelling NH3 exchange are read-
ily equipped with instrumentation that may be used to directly
infer stomatal conductance from existing observations, thereby
reducing the uncertainty associated with empirical approaches
that were only built to be, on average, representative for a large
number of potentially different sites within one land-use class.
One commonly used approach is to model the stomatal con-
ductance based on measured fluxes of H2O (e.g., Shuttleworth,
2012). However, these often suffer from an inherent uncertainty
in the partitioning of transpiration and evaporation, especially at
humid sites, where the latter is expected to be significant, since
tower-based measurements of H2O can generally only be repres-
entative for an ecosystem-integrated flux of evapotranspiration.
Even if it can be partitioned successfully, recent research hints at
a potential decoupling of transpiration fluxes and stomatal open-
ing in the presence of hygroscopic particles on leaves (Grantz
et al., 2018). Similar problems arise from directly inferring sto-
matal conductance of NH3 from dry periods (e.g., Nemitz et al.,
2004), assuming that deposition to non-stomatal surfaces is neg-
ligible below a certain relative humidity threshold. While this
assumption may be valid to a certain degree given our current
understanding of NH3 exchange processes, measuring NH3 ex-
change in itself is still highly uncertain and few studies span a
long enough time to gather sufficient high-quality data during
dry periods for a valid fit. Finally, purely empirical stomatal con-
ductance parameterisations currently cannot account for stomatal
responses to rising CO2 concentrations (Ainsworth and Rogers,
2007), making them unfit for global change scenario modelling.
With this study, we aim to make a case for the use of a CO2-
exchange based treatment of the stomatal pathway within the
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context of NH3 dry deposition inferential modelling. Through
the stomata CO2 and NH3 share a common major exchange
pathway, and the underlying physiological mechanisms of CO2
biosphere-atmosphere exchange are generally well understood.
Since the emergence of continent-wide research infrastructures
for monitoring CO2 exchange, such as ICOS or NEON, and even
global networks like FLUXNET, CO2 exchange measurements
have become widely available, with the eddy-covariance method
as the de-facto standard measurement technique. The limited
NH3 exchange studies are often carried out at existing flux towers
within one of those networks, and it is only natural to want
to use as much additional available information as possible to
improve our estimates of reactive nitrogen deposition. Further
to pure modelling studies, information gained about stomatal
behaviour may help interpret direct NH3 flux measurements, as
recently demonstrated by Hansen et al. (2017) and in the article at
hand. But not only experimental studies at individual sites with
standard half-hourly concentration measurements may benefit –
it may also pave the road towards a valid low-cost model-based
NH3 deposition monitoring network, by equipping existing flux
towers with inexpensive slow-response sensors, deriving site-
specific parameterisations for the non-stomatal pathway as well
as corrections for the lowered temporal resolution (Schrader et al.,
2018), and using stomatal conductance estimates directly inferred
from available CO2 flux measurements. Finally, new knowledge
gained from these applications can be useful to evaluate the
potential benefits of coupling CO2 and NH3 exchange within
large-scale CTMs.
In the following, we will briefly outline the fundamental as-
sumptions and equations behind a modern bidirectional NH3
exchange model, followed by a case-study on how we used
CO2-derived stomatal conductance for the interpretation of a
decreasing NH3 deposition velocity in spring observed in eddy-
covariance measurements at a protected peatland site in North-
western Germany, confirming a hypothesised ecosystem response
that could not be explained with empirical models in an earlier
analysis. In the end, we discuss options for how to incorpor-
ate existing information about CO2 exchange in modelling and
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data-analysis workflows, as well as future perspectives for the
development of more mechanistic NH3 exchange models.
4.2 modelling biosphere-atmosphere exchange of
ammonia
4.2.1 Basic concepts
Biosphere-atmosphere exchange of NH3 is commonly modelled
using an inferential resistance analogy, i.e. the total NH3 flux
density at a given time, Ft (µg m−2 s−1) is estimated from a meas-
ured or modelled ambient concentration at a certain reference
height, χa (µg m−3), minus the canopy compensation point, χc
(µg m−3), divided by the sum of the aerodynamic and quasi-
laminar boundary layer resistances, Ra (s m−1) and Rb (s m−1),
respectively (Eq. (4.1)). By convention, a negative flux is directed
to the surface and a positive flux is directed to the atmosphere.
Ft = − χa − χcRa + Rb . (4.1)
χc can be interpreted as the equilibrium air NH3 concentration at
the mean notional height of trace-gas exchange and is calculated
as:
χc =
χs · R−1s + χa · (Ra + Rb)−1
(Ra + Rb)
−1 + R−1s + R−1w
. (4.2)
for a simple single-layer model with parallel stomatal and non-
stomatal pathways for surface exchange of NH3 (Figure 4.1a;
Nemitz et al. (2001)). Rs (s m−1) and Rw (s m−1) are the stomatal
and non-stomatal resistance, respectively. The parameterisation
of Rs is discussed in detail in the rest of this manuscript; Rw is
most commonly modelled using humidity response functions
(Sutton and Fowler, 1993), often with additional terms used to
describe the effects of other atmospheric constituents on depos-
ition (Massad et al., 2010a; Nemitz et al., 2001; Wichink Kruit
et al., 2017). The stomatal pathway is nowadays usually modelled
under consideration of a non-zero, near-surface air NH3 concen-
tration in equilibrium with NH3 in the apoplastic fluid, called the
stomatal compensation point, χs (µg m−3), which allows for the
58 stomatal exchange
representation of bidirectional fluxes (i.e., both deposition and
emission) within the model. It can be parameterised based on
tabulated values for different ecosystems, direct or indirect estim-
ates of deposition history to the site, or more mechanistic plant
physiological approaches that directly relate the compensation
point to the C- and N-metabolisms at the leaf-level (Massad et al.,
2010a,b). Note that some researchers apply a similar concept to
the non-stomatal pathway, with a non-stomatal compensation
point, χw (µg m−3), representing an air NH3 concentration in equi-
librium with NH3 solved in water films or otherwise adsorbed
to surfaces (Flechard et al., 2013; van Zanten et al., 2010; Wichink
Kruit et al., 2010). Even so, to date, many chemistry transport
models still employ a deposition-only paradigm for non-stomatal
exchange, which is in contrast with observations of emission
fluxes that are likely due to NH3 release from non-stomatal sur-
faces (Wentworth et al., 2016), but much more straightforward
to be parameterised from micrometeorological measurements.
This can only be applied in background situations far away from
NH3 sources. In general, all models using the resistance analogy
consider the surface component as a static parameter where the
memory effects are not taken into account. The prior deposition
of NH3 and / or other components affect e.g. the acidity of water
layers, the aerosol composition and the χw and χs concentrations.
For convenience, the model may be simplified to a strictly serial
structure (Figure 4.1b) with a foliar resistance, Rf (s m−1) and a
foliar compensation point (sometimes called total compensation
point), χf (µg m−3), borrowing the notation of Wichink Kruit et al.
(2010). An even further simplification to a quasi-unidirectional
variant (Figure 4.1c) in which the effects of the compensation
point are integrated in an effective foliar resistance, R∗f (s m
−1)
is possible and sometimes done to enforce compatibility with
the concept of a deposition velocity. However, note that R∗f can
be negative in the case of emission fluxes, even though that is
generally an ill-defined concept in a resistance modelling frame-
work. Rf is equal to the sum of Rs and Rw; the derivation of
expressions for χf and R∗f is straightforward and documented
e.g. in van Zanten et al. (2010). We here calculate χf as
χf =
Rf
Rw
· χw + RfRs · χs, (4.3)
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Figure 4.1: (a) Common structure of a canopy compensation point
model with a unidirectional non-stomatal and a bid-
irectional stomatal NH3 exchange pathway. (b) Serial
bidirectional simplification with foliar resistance and
foliar compensation point. (c) Serial unidirectional simpli-
fication with effective foliar resistance.
and R∗f as
R∗f =
(Ra + Rb) · χf + Rfχa
χa − χf . (4.4)
The reciprocal of any resistance is called the corresponding
conductance, i.e. R−1x = Gx. Both are used throughout this text,
since conductances are the more commonly used quantity in
some disciplines which we borrow concepts from. They also
have the additional advantage of being directly (instead of in-
versely) proportional to the flux, as well as directly relatable to
deposition velocities. Note that the units used in this context are
sometimes inconsistent across communities: while micrometeor-
ologists usually express conductances as length per time unit,
plant physiologists tend to work with moles per area per second.
We here follow the former convention unless specified otherwise.
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4.2.2 Stomatal controls and NH3-CO2 coupling
The stomatal resistance to NH3 exchange, or its inverse, the sto-
matal conductance Gs (m s−1), can be modelled using a number
of different approaches: Most commonly, chemistry transport
models employ a multiplicative Jarvis (1976)-type scheme, such
as the one of Emberson et al. (2000), which estimates the sto-
matal conductance as the product of a baseline resistance (or
conductance) and a number of stress functions based on environ-
mental factors (Flechard et al., 2013). Other authors use relatively
simple light- and / or temperature response functions in the ab-
sence of more detailed measurements, such as the one of Wesely
(1989). However, these models are usually not suitable to directly
incorporate measurable effects of rising greenhouse gas concen-
trations and the physiological effects that are associated with
them (Ainsworth and Rogers, 2007; Leakey et al., 2009). They
also often rely on certain land-use specific effective parameters to
be used over a wide array of ecosystems that can be aggregated
into one class, but do not incorporate site-specific effects other
than meteorological conditions. Finally, these models are usually
used with ambient measurements of relative humidity, temperat-
ure, and other environmental factors as input data, even though
the actual flux-controlling conditions near the surface may very
well be significantly different. While this weakness is not inher-
ently built into the models’ structure and they can theoretically
be used with surface values of the respective variables instead,
this may lead to bias when they were originally parameterised
on ambient measurements. However, whether or not modelling
these processes with surface variables is possible and meaningful
strongly depends on an individual models’ configuration, spatial
resolution and degree of simplification of related processes.
One approach to avoid these issues and to incorporate as
much information about a specific ecosystem into their models as
possible is to rely on using measured H2O flux-based estimates of
stomatal conductance (Shuttleworth, 2012). These, in turn, suffer
from a number of uncertainties due to the non-trivial partitioning
of measured evapotranspiration (ET) into evaporation (E) from
wet surfaces and transpiration (T) through the stomata, which
can be especially problematic at very humid sites where ground-
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based fluxes and loss of water from leaf surfaces are a significant
part of ET. Additional bias may be introduced from wick-effects
due to hygroscopic particles lining the walls of the stomatal
cavity, called hydraulic activation of stomata in the recent literature
(Burkhardt, 2010; Burkhardt et al., 2012), which can lead to a
decoupling of T and Gs (Grantz et al., 2018).
We argue that these issues may largely be avoided by basing
site-specific estimates of Gs on measured or modelled CO2 in-
stead of H2O fluxes. CO2 fluxes are usually measured with the
same instrumentation as H2O (infrared gas analysers), are a
routine measurement at many existing flux sites and tower net-
works (such as ICOS; Franz et al., 2018; or NEON; SanClements
et al., 2014), and the underlying exchange processes are gener-
ally considered well understood. They are therefore suitable to
directly base estimates of Gs to be used for modelling other com-
pounds’ exchange fluxes on measured data instead of uncertain
empirical approaches. Additionally, CO2 flux-based estimates of
Gs may be used as an interpretation tool for measured fluxes of
gaseous compounds that are exchanged via the stomata, such as
NH3 or NO2.
We use the well-known Ball-Berry model (Ball et al., 1987) to
derive Gs from measured or modelled fluxes of CO2. It can be
written as:
gs = m · An · hsCs + b, (4.5)
where m (−) is the slope and b (mol m−2 s−1) is the offset (min-
imum stomatal conductance) of the Ball-Berry function. For C3
plants, m and b are commonly assumed to be around 9 and
0.01mol m−2 s−1, respectively (Collatz et al., 1991; Sellers et al.,
1996). Naturally these parameters are also subject to uncertainty,
but we assume that the benefit of directly relating gs to photosyn-
thetic activity instead of similarly uncertain parameterisations
based on proxy variables outweighs this fact. hs is the leaf surface
relative humidity (expressed as a fraction of 1) and Cs (ppm) is
the leaf surface concentration of CO2, which is obtained through
simple resistance modelling-based extrapolation from measured
or modelled concentrations and fluxes at the reference height
to the notional height of trace gas exchange. An is net CO2 up-
take (µmol m−2 s−1). Lowercase gs in Eq. (5) indicates that values
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obtained through this method are representative for leaf-level
fluxes; bulk canopy Gs can be obtained from an upscaling via
measurements or modelled estimates of the leaf area index, as
outlined e.g. by Sellers et al. (1992) and Anderson et al. (2000).
To use it in an NH3 inferential modelling context, the resulting
bulk canopy Gs needs to be scaled by the ratio of NH3 to H2O
molecular diffusivities.
4.3 case study
4.3.1 Site description and measurement setup
Fast-response measurements of CO2 and NH3 were carried out
at a temperate ombrotrophic bog in North-western Germany
(Bourtanger Moor) from February to May 2014. Vegetation at the
site is dominated by bog heather (Erica tetralix), purple moor-
grass (Molinia caerulea), cotton grass (Eriophorum vaginatum, E.
angustifolium), and few scattered birches (Betula pubescens) and
Scots pines (Pinus sylvestris). CO2 concentrations were meas-
ured with an open-path infrared gas analyser (IRGA; LI-7500,
LI-COR Biosciences, Lincoln, USA), and NH3 concentrations
with a quantum cascade laser absorption spectrometer (Mini QC-
TILDAS-76, Aerodyne Research, Inc., Billerica, MA, USA), both
at a sampling frequency of 10Hz. These high-frequency concen-
tration measurements were used in conjunction with 10Hz data
from a 3D sonic anemometer (R3-50, Gill Instruments, Lyming-
ton, UK) to calculate half-hourly biosphere-atmosphere exchange
fluxes of CO2 and NH3 using the eddy-covariance technique. For
a detailed site-description and an in-depth discussion of data
acquisition and post-processing steps, the reader is referred to
Hurkuck et al. (2016) and Zöll et al. (2016).
4.3.2 Reanalysis of observed NH3 fluxes
NH3 fluxes at the Bourtanger Moor field site showed a sudden
decrease in deposition around 15 March 2014, which in part coin-
cided with a decrease in concentrations (Zöll et al., 2016). How-
ever, concentrations increased again later during the campaign
whereas fluxes remained at a very low level (Figure 4.2a), and
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the observed deposition velocities (i.e., essentially concentration-
normalised flux rates) showed a similar pattern with a gradual
decrease from up to 0.7 cm s−1 down to daily averages of less
than 0.2 cm s−1 around mid- to end-March and staying on that
level thereafter (Figure 4.2b). This coincided with a pressure
drop, increasing precipitation and minimum air temperatures
exceeding 5 ◦C for the first time at the site in 2014 (Zöll et al.,
2016). Relative humidity was consistently very high (daily av-
erages between 80% and 100%). The campaign-averaged NH3
concentration was 11µg m−3 with management-related peaks in
mid-March (> 20 µg m−3 daily average on 12 and 13 March)
and early April (> 20 µg m−3 daily average from 1 to 4 April).
Zöll et al. (2016) hypothesised that, among other reasons, this
decline in deposition velocity may be attributed to the combined
effects of an onset of vegetation activity and an increase in the
stomatal compensation point due to rising temperatures. While
an increasing compensation point is relatively straightforward to
explain from theory, as it depends exponentially on temperature,
accounting for the combined effect of gas solubility and dissoci-
ation of NH3, observational evidence for an increasing stomatal
contribution to the total flux is necessary. In this case-study, we
examine how CO2 flux-derived stomatal conductance can help us
accept or reject the hypothesis of a stomatal effect on the lowered
deposition velocity.
The traditional approach of separating measured fluxes into
those measured during dry periods (RH < 70 % or similar
thresholds) and fitting a light-response function to the result-
ing observed foliar resistance (e.g., Nemitz et al., 2004) was
not possible at this site due to the constantly humid conditions
throughout the measurement campaign (cf. Zöll et al., 2016). Sim-
ilarly, a permanently humid topsoil and even occasional ponding
limited the applicability of latent heat flux measurements as
a proxy for transpiration, thereby preventing their use in the
derivation of a bulk stomatal conductance for H2O.
Therefore, and as a test for its feasibility for the use in NH3
modelling studies, CO2 fluxes measured by Hurkuck et al. (2016)
were used to derive bulk canopy stomatal conductance for NH3
using the Ball-Berry model with canopy upscaling as described
in Sellers et al. (1992). CO2 net ecosystem exchange (NEE) was
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partitioned into gross primary productivity (GPP) and ecosystem
respiration (Reco) following Reichstein et al. (2005), as described
in Hurkuck et al. (2016), and the resulting GPP were used as
bulk canopy An in the canopy-scale Ball-Berry model. Gs ob-
tained via this procedure were used to model fluxes of NH3
using the parameterisation of a two-layer canopy compensation
point model after Massad et al. (2010a). Note that for semi-natural
peatland sites like the Bourtanger Moor, the model is essentially
reduced to a one-layer model by setting the ground-layer res-
istance to infinity, due to the difficult partitioning of ground-
layer and other non-stomatal fluxes in unmanaged ecosystems.
The minimum resistance and temperature response used in the
non-stomatal resistance parameterisation were recently repor-
ted to be likely too high for some sites (Schrader et al., 2016).
Thus, we derived site-specific values for these two parameters
by assuming that foliar resistances derived from night-time flux
measurements of NH3 were representative for the non-stomatal
resistance, Rw, i.e. assuming perfect stomatal closure at night. We
then globally minimised the sum of squared residuals between
measured and modelled non-stomatal conductance using a Py-
thon 3.7 implementation of the differential evolution method
(scipy.optimize.differential_evolution; SciPy version 1.1.0; Jones et
al., 2001–; Storn and Price, 1997) with bounds 0–1000 s m−1 for
minimum Rw and 0–1 ◦C−1 for the temperature response para-
meter. Modelled results were used to interpret the observed flux
patterns during the measurement campaign with focus on the
validity of explaining the tipping point in mid-March with an
onset of vegetation activity.
4.3.3 Results and discussion
Daily averages of stomatal conductance of NH3 derived from CO2
flux-measurements were relatively constant until the last week
of March 2014, after which they exhibit a strong and seemingly
linear increase up to more than twice their initial magnitude,
whereas a selection of empirical models (Emberson et al., 2000;
Wesely, 1989) show an initial increase at the beginning of the
measurement campaign (mid-February) and remain on a rel-
atively low level below 0.1 cm s−1with an only slightly positive
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trend (Figure 4.2c). At first glance, CO2-derived stomatal con-
ductance do not appear to be correlated with the strong decrease
in observed deposition velocity (Figure 4.2c), while empirically
modelled stomatal conductance seem to be anti-correlated to
a certain degree. That said, it is unlikely that the decrease in
deposition velocities can be attributed to the stomatal pathway in
a mono-causal manner. In fact, this decrease is also observed in
night-time data, where stomatal fluxes are assumed to play a neg-
ligible role, and both observed night-time foliar conductance (as a
proxy for the non-stomatal conductance) and site-calibrated mod-
elled non-stomatal conductance decrease at the same time. This
is further reflected in an increasing contribution of CO2-derived
stomatal conductance to daytime foliar conductance from a min-
imum of around 20% up to more than 80%, which is apparently
anti-correlated with observed deposition velocities (Figure 4.2d).
Note that it follows from the governing equations of the resist-
ance framework used in this study that this relation (Gs G−1f ) is
approximately equal to the ratio of stomatal to total exchange
flux when the compensation point is considerably smaller than
the ambient NH3 concentration.
Indeed a regression of daytime observed deposition velocities
against daytime CO2-derived stomatal conductance contribution
to the foliar conductance shows a significant anti-correlation
(r = −0.52, intercept = 0.46, slope = −0.53, two-sided p-value
(H0: slope is zero) < 0.001; Figure 4.3), indicating that an increase
in stomatal contribution to the flux leads to a decrease in the
deposition velocity. While this may seem counter-intuitive at first,
especially considering that the foliar conductance remains relat-
ively constant from early March until the end of the campaign,
this may be explained by a concurrent increase in temperatures
and, consequently, the stomatal compensation point throughout
the measurement period (Figure 4.2d). The Bourtanger Moor site
has historically received annual N-deposition of up to five-fold
above its critical load, with an estimated total (wet and dry) de-
position in the order of 25kg N ha−1 yr−1 (Hurkuck et al., 2014).
Since the stomatal compensation point is expected to be depend-
ent on historical N-inputs, it can reasonably be assumed to be
significant at this site. To put it into context, the parameterisation
of Massad et al. (2010a) predicts a stomatal emission potential of
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635 for this site, which is well above the average (mean 502, me-
dian 190) for short semi-natural and forest ecosystems found in
an extensive literature review by the same authors. An increase
in the contribution of the stomatal conductance to the foliar
conductance directly leads to an increase in the contribution
of the stomatal compensation point to the foliar compensation
point (Figure 4.4a). Assuming that the non-stomatal compensa-
tion point is zero, which is commonly done in modelling NH3
exchange, this also directly leads to a reduced NH3 concentration
gradient and therefore a reduced deposition velocity. We thus
conclude that the hypothesis of Zöll et al. (2016) regarding a
reduction of the deposition velocity at least partially due to the
onset of vegetation activity is justified and likely plays a signific-
ant role in the observed flux patterns, based on our reanalysis
using CO2-derived stomatal conductance.
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Figure 4.3: Linear regression of observed daily mean daytime NH3
dry deposition velocities against daytime ratio of CO2
flux-derived stomatal conductance to total modelled foliar
conductance. One outlier (vd > 1.5 cm s−1 on 25 Febru-
ary 2014) was removed from the regression dataset. The
shaded area envelopes a 95% confidence interval of the
regression based on 10 000 bootstrap samples.
Theoretically, the relationship explaining this phenomenon is
linear when non-stomatal fluxes are modelled unidirectionally: If
the stomatal compensation point is twice the air NH3 concentra-
tion, a 50% contribution of the stomatal conductance to the foliar
conductance means zero gradient and therefore zero flux. This is
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Figure 4.4: Theoretical explanation of the results from the Bourtanger
Moor case study. (a) Evolution of the ratio of the foliar
compensation point to ambient NH3 concentration at the
reference height and (b) the ratio of effective to actual
foliar conductance with increasing stomatal contribution
to the foliar conductance and varying stomatal compens-
ation point levels. Black lines: no stomatal compensation
point; dark grey lines: stomatal compensation point equal
to ambient concentrations; light grey lines: stomatal com-
pensation point twice as large as ambient concentrations.
Dashed lines: Aerodynamic and quasi-laminar conduct-
ance equal in magnitude to foliar conductance; solid lines:
aerodynamic and foliar conductance neglected. The non-
stomatal pathway is assumed to be unidirectional (i.e., a
hypothetical non-stomatal compensation point would be
zero) in all cases.
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irrespective of the magnitude of the aerodynamic and boundary
layer conductance. However, note that taking these into account
the relationship of an effective foliar resistance to the actual foliar
resistance becomes non-linear between the extreme cases of zero
compensation point or compensation point equal to the ambient
concentration at the reference height (Figure 4.4b).
4.4 conclusions and future perspectives
We successfully demonstrated that a model-driven approach for
flux data analysis using CO2 flux-derived stomatal conductance
can help reveal otherwise hidden processes. Simple regression-
and observation-based approaches only indirectly allowed the
conclusions here drawn from a leaf-level analysis of drivers for
the biosphere-atmosphere exchange of NH3 at the Bourtanger
Moor field site (Zöll et al., 2016). Yet, this case study is merely
one example of how CO2 flux data-based estimates of stomatal
conductance can be used to improve our understanding of NH3
biosphere-atmosphere exchange. There is great potential in im-
proving the predictive power of inferential models, both on the
field-scale, as well as in spatially explicit modelling studies, and
global change projections, by linking NH3 and CO2 models at
this shared pathway using well-known and easy-to-implement
modelling tools. Potential applications include, but are certainly
not limited to:
• Using CO2-derived stomatal conductances in a model-driven
flux data analysis workflow to interpret direct flux meas-
urements of NH3 (as demonstrated in the case study).
• Coupling an NH3 inferential and a photosynthesis model
and using measured CO2 data to validate the latter. This
has recently been demonstrated in an NH3 flux-partitioning
study with the SURFATM-NH3 model (Personne et al.,
2009) by Hansen et al. (2017).
• Improving the predictive capabilities for global change
projections from large-scale CTMs by joining CO2, NH3,
and potentially other compounds’ exchange sub-modules,
e.g. following the example of Anav et al. (2012) for O3, as
recognised by Flechard et al. (2013).
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• Retrofitting existing flux tower networks such as ICOS with
low-cost, low-labour NH3 measurements (e.g. with passive
samplers). Models for the non-stomatal pathway may be
calibrated on short-term measurements of nighttime NH3
fluxes acquired with a roving system, and using correction
factors accounting for the lowered temporal resolution com-
pared to fast-response analysers (Schrader et al., 2018). The
stomatal pathway can be modelled by validating (or cal-
ibrating) a coupled photosynthesis-stomatal conductance
model (e.g., Collatz et al., 1991) on the existing CO2 meas-
urements, giving a continuous dataset of stomatal conduct-
ance independent of data gaps in the CO2 eddy-covariance
setups.
To achieve optimal suitability for local air quality and global
change studies alike, future research should strive towards a
more mechanistic representation of all biosphere-atmosphere ex-
change pathways. Long-term simultaneous micrometeorological
measurements of both greenhouse-gas and reactive nitrogen ex-
change across a wide range of ecosystems are desperately needed
to further develop valid frameworks for modelling interrelations
between them, and to accurately identify areas where action is
necessary to mitigate negative effects of excess nitrogen depos-
ition.
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I have approximate answers, and possible beliefs,
and different degrees of certainty about different things,
but I’m not absolutely sure of anything.
— Richard P. Feynman
abstract
Long-term monitoring stations for atmospheric pollutants are of-
ten equipped with low-resolution concentration samplers. In this
study, we analyse the errors associated with using monthly aver-
age ammonia concentrations as input variables for bidirectional
biosphere-atmosphere exchange models, which are commonly
used to estimate dry deposition fluxes. Previous studies often
failed to account for a potential correlation between ammonia
exchange velocities and ambient concentrations. We formally
derive the exact magnitude of these errors from statistical con-
siderations and propose a correction scheme based on parallel
measurements using high-frequency analysers. In case studies
using both modelled and measured ammonia concentrations and
micrometeorological drivers from sites with varying pollution
levels, we were able to substantially reduce bias in the predicted
ammonia fluxes. Neglecting to account for these errors can, in
some cases, lead to significantly biased deposition estimates
compared to using high-frequency instrumentation or corrected
averaging strategies. Our study presents a first step towards a
unified correction scheme for data from nation-wide air pollutant
monitoring networks to be used in chemical transport and air
quality models.
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5.1 introduction
Gaseous ammonia (NH3) plays an important role in the atmo-
sphere as part of the natural and anthropogenic N cycle and
contributes to a number of adverse effects on the environment
and public health (Erisman et al., 2013). Recent developments
allow the direct quantification of NH3 dry deposition and emis-
sion fluxes via the eddy-covariance method (Famulari et al., 2004;
Ferrara et al., 2012; Zöll et al., 2016); however, the necessary in-
strumentation is costly, long-term continuous studies are yet to
be published, and the method is not trivially applicable in every
environment. Alternative methods, such as the aerodynamic
gradient technique, are even more labour-intensive, usually re-
quire expensive wet-chemical analyses, and are prone to errors
in non-ideal conditions (Sutton et al., 2007).
A cost- and labour-efficient alternative to flux measurements
is the use of so-called dry deposition inferential models. If they
are properly validated against flux measurements in different
ecosystems, they can be applied for regional estimates of NH3
dry deposition using only concentration measurements and a
small number of (micro-)meteorological variables as input data
(Flechard et al., 2013; Massad et al., 2010a; Wichink Kruit et al.,
2010; Zhang et al., 2003, 2010). These models are usually ran on
a 30 minute basis, in accordance with the typical temporal resol-
ution of flux measurements, or on an hourly basis within some
large-scale chemistry transport models (CTM), such as LOTOS-
EUROS (Schaap et al., 2008; Wichink Kruit et al., 2012). However,
in national monitoring networks, such as the Measuring Ammo-
nia in Nature (MAN) network in the Netherlands (Lolkema et al.,
2015), often passive samplers or denuders (e.g. DELTA; Sutton
et al., 2001, or KAPS; Hurkuck et al., 2014; Peake and Legge, 1987)
are used to measure ambient NH3 concentrations, which typic-
ally only yield a temporal resolution of monthly averages. The
impact of using such low-resolution concentration measurements
as input data for bidirectional NH3 dry deposition inferential
models has, to our knowledge, not been thoroughly investigated
in the published literature, although they have regularly been
used from local studies (Shen et al., 2016; Walker et al., 2008) to
integrated projects (Flechard et al., 2011). In order to systemat-
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ically assess potential bias introduced by using low-resolution
concentration data, we exemplarily analysed a 1 year gap-free
record of ambient NH3 concentrations predicted by the CTM
LOTOS-EUROS in conjunction with ECMWF (European Centre
for Medium-Range Weather Forecasts) meteorology as input data
for an independent dry deposition inferential model by Massad
et al. (2010a), as well as preliminary NH3 concentration meas-
urements using quantum cascade laser (QCL) spectroscopy at
a remote site in Germany. We investigated the potential mag-
nitude of errors introduced by using low-resolution concentration
measurements and formally derived the fundamental equations
necessary for the development of correction schemes. Our study
lays the groundwork for the characterisation of errors and estim-
ation of site-specific correction functions when using NH3 dry
deposition models with low-resolution input data.
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5.2.1 Dry deposition inferential modelling
Dry deposition of NH3 is most commonly modelled using para-
meterisations of a big-leaf canopy compensation point model,
or a two-layer variant thereof when exchange with the soil- or
litter-layer is expected to be significant and can be parameterised
within reasonable margins of uncertainty (Flechard et al., 2013;
Massad et al., 2010a; Nemitz et al., 2001). We here use the para-
meterisation of Massad et al. (2010a) in a one-layer configuration
to ensure independence from the dry deposition module (DE-
PAC within LOTOS-EUROS) involved in the generation of the
synthetic data. In this model, the flux density of NH3 is predicted
from the difference of the measured air NH3 concentration χa
(µg m−3) at the aerodynamic reference height z− d (m) and the
(modelled) canopy compensation point concentration, χc (µg m−3)
(Figure 5.1). The sign of this difference governs the direction of
the flux (χa > χc leads to a deposition flux, with a negative sign
by convention, and χa < χc leads to an emission flux). Further-
more, the magnitude of the predicted flux density is controlled
by the magnitude (i) of χa − χc, and (ii) of a number of resist-
ances towards deposition. Within this framework, the total net
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biosphere-atmosphere exchange flux of NH3, F (µg m−2 s−1), is
typically given as
F = − χa − χc
Ra + Rb
, (5.1)
where Ra (s m−1) and Rb (s m−1) are the aerodynamic and quasi-
laminar boundary layer resistance, respectively, and are here
modelled as described in detail by Massad et al. (2010a). Instead
of calculating the canopy compensation point (which is a function
of both stomatal and cuticular resistance and, if applicable, their
respective compensation points, and the air NH3 concentration),
we can simplify the model scheme to strictly consist of serial
resistances only (Figure 5.1b). The effective foliar compensation
point, χf (µg m−3), is then given as a weighted average of both
leaf-layer pathways via
χf =
Rf
Rw
· χw + RfRs · χs, (5.2)
where χw (µg m−3) and χs (µg m−3) are the cuticular and stomatal
compensation point, respectively, Rw (s m−1) is the cuticular res-
istance, parameterised after Massad et al. (2010a), and Rs (s m−1)
the stomatal resistance after Emberson et al. (2000). In the Massad
et al. (2010a) parameterisation, χw is zero (i.e., only deposition to
the cuticula is possible). Rf (s m−1) is the foliar resistance, similar
to the notation of Wichink Kruit et al. (2010), and is given as
Rf =
(
R−1w + R−1s
)−1
. (5.3)
To further simplify the calculations, we define an exchange ve-
locity, vex m s−1), as the inverse of the total resistance to NH3
exchange:
vex = (Ra + Rb + Rf)
−1 . (5.4)
Note that Rf is not necessarily equal to the so-called canopy res-
istance, which is usually only used in unidirectional (deposition-
only) models (i.e., they are only equal when χf is zero). Similarly,
vex is not equal to the common concept of a deposition velocity,
in which Rf is replaced by the canopy resistance and which is
not used in conjunction with a compensation point.
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Figure 5.1: (a) Common structure of a bidirectional one-layer canopy
compensation point model for biosphere-atmosphere
exchange of NH3. (b) Simplification of (a) to a serial
resistance structure.
Given these definitions, the net NH3 exchange flux can also be
written as
F = −vex · (χa − χf)
= vex · (χf − χa) ,
(5.5)
where a positive flux indicates emission and a negative flux
indicates deposition.
5.2.2 Flux prediction strategies for low-resolution input concentra-
tions
High-frequency concentration measurements are often cost- and
labour-intensive, and usually not available within nationwide
long-term monitoring networks. A number of different variants
to predict long-term average or cumulative flux densities from
low-frequency concentration measurements can be found in the
literature (Andersen et al., 1999; Cape et al., 2004; Duyzer et al.,
2001; Flechard et al., 2011; Poor et al., 2006; Rihm and Kurz, 2001;
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Schmitt et al., 2005; Walker et al., 2008; Yang et al., 2010). We
here discuss the case of monthly averages, which are a common
outcome of passive sampler or denuder measurements, but the
calculations remain the same for any other kind of averaging
period. A sensitivity study for other averaging periods is given
in the Supplementary Material.
Consider the case of (i) (micro-)meteorological input data avail-
able at a sampling frequency the model is usually run at, e.g. 1
hour in our sample datasets, and (ii) ambient NH3 concentrations
available at a lower sampling frequency, e.g. 1 month. We further
assume that, from these data, reasonable flux predictions can
only be made at the lowest available time scale, i.e. 1 month in
this example. However, the model should still be run at a higher
resolution in order to incorporate the effects of diurnal variations
and day-to-day variability in meteorological conditions. There
are generally two straightforward strategies to predict monthly
averaged NH3 fluxes under these conditions, the first being:
F = vex · (χf − χa). (5.6)
Here, an overbar x denotes the arithmetic mean of some ran-
dom variable x, and a prime x′ denotes the instantaneous de-
viation from x, i.e. x = x + x′, similar to the notation com-
monly employed by the micrometeorological community. Con-
sequently, equation (5.6) means that the model is run on an
hourly basis with hourly meteorological input data, and the meas-
ured monthly average NH3 concentration is used as a substitute
for hourly concentration values. In other words, it is assumed
that the monthly average NH3 concentration is representative for
hourly values and that internal mechanics of the model (such as
the exponentially temperature dependent conversion of emission
potentials to compensation points; Nemitz et al., 2001) effectively
compensate the effect of the lowered input data resolution.
An alternative strategy would be to first calculate the exchange
velocity and the compensation points at a high resolution (given
that they are independent of χa), average them, and then calculate
the monthly average flux from the monthly average of all other
variables:
F = vex · (χf − χa) (5.7)
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We will outline in the following section why both of these variants
(equations (5.6) and (5.7)) will inevitably lead to biased results.
5.2.3 Derivation of the error term
A well-understood, but still often ignored fallacy is the assump-
tion that the product of averages yields similar results to the
average of products (Welsh et al., 1988). However, this is gen-
erally only the case when all variables involved are completely
independent and uncorrelated. Even if not all of these variables
are formally linked within the governing equations of a dry de-
position model, they may be correlated through their inherent
dependence on external environmental factors (e.g. temperature,
radiation, or turbulence). Meyers and Yuen (1987) were among
the first to observe the impacts of ignoring this fallacy with re-
gards to (unidirectional) inferential modelling of SO2 and O3
fluxes. For a bidirectional NH3 exchange scheme, the true mean
flux over a certain period of time can be written as:
F = vex · (χf − χa)
6= vex · (χf − χa) .
(5.8)
Recall our definition of x and x′, from which it follows that
x′2 is equal to the (non Bessel-corrected) variance of x, and x′ · y′
to the covariance of two random variables x and y. With these
additional definitions, we can calculate the true average flux
from long-term average NH3 concentrations using the linearity
of expected values and the definition of the covariance, as follows:
F = vex · (χf − χa)
= vex · χf − vex · χa
= vex · χf + vex′ · χf′ −
(
vex · χa + vex′ · χa′
)
= vex · (χf − χa) + vex′ · χf′ − vex′ · χa′.
(5.9)
The difference between equation (5.7) and the last line of
equation (5.9), i.e., the two covariance terms vex′ · χf′ − vex′ · χa′
(µg m−2 s−1), is equal to the exact error introduced when calcu-
lating average NH3 fluxes from average exchange velocities and
measured long-term average concentration measurements. When
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directly calculating hourly fluxes with the long-term average
NH3 concentrations used as a substitute for hourly values and
averaging afterwards (i.e., using equation (5.6)), the error is equal
to −vex′ · χa′ (µg m−2 s−1).
5.2.4 A first step towards bias elimination
If we run a dry deposition inferential model with only the am-
bient NH3 concentration as a long-term average and all other
driving variables measured at a higher temporal resolution, as
is usually the case for monitoring stations, where the measure-
ment of meteorological variables at a high temporal resolution
is not very difficult, only the last term of equation (5.9), i.e. the
covariance of vex and χa, is unknown. We can expand it to take
the form
vex′ · χa′ =
√
vex′2 ·
√
χa′2 · vex
′ · χa′√
vex′2 ·
√
χa′2
. (5.10)
Note that here
√
vex′2 = σvex (m s−1) and
√
χa′2 = σχa (µg m−3)
are identical to the empirical standard deviation of vex and χa,
respectively, and vex′ · χa′ ·
(√
vex′2 ·
√
χa′2
)−1
= rvex,χa (−) is
equal to the Pearson product-moment correlation of the two.
Again, σvex is known and can trivially be calculated from higher-
resolution modelled estimates of vex. However, σχa and rvex,χa
remain unknown at this point.
A simple approach to calculate less-biased fluxes from low-
resolution concentration measurements could be based on ac-
companying high-resolution concentration measurements at the
same site for a limited amount of time. E.g., one would use a
single high-frequency (0.5 to 1 hour sampling rate) NH3 monitor
to take parallel measurements at a monitoring site for a few
months to gather the necessary data to derive correction factors,
and then move the instrument to the next site. We can assume
an increase of the variation in air NH3 concentrations with rising
concentration levels, i.e. increasing σχa , with increasing mean χa,
since (i) chemical measurement instruments often exhibit relat-
ive errors, and (ii) it is reasonable to suspect that, for instance,
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emissions from nearby sources would not only lead to a steady
increase of the mean NH3 concentration, but also to a higher
variability, depending on turbulent mixing, wind direction, and
other factors. The most simple approach is to model this with a
linear relationship:
σˆχa(χa) = m0 · χa + b0, (5.11)
where m0 (−) and b0 (µg m−3) are the slope and intercept of the
resulting regression line, respectively.
Modelling the correlation between the exchange velocity and
the air NH3 concentration, rvex,χa , is substantially less straightfor-
ward. A 0th-order approach would consist of simply taking the
mean correlation over the measurement period used for deriving
correction functions. However, this would eliminate the possib-
ility of registering potential seasonality in rvex,χa , and the next
most simple alternative, a linear regression of rvex,χa against some
environmental variable, would yield practically the same results
if the slope of the regression is close to zero, leaving little reason
not to favour at least a simple linear regression over the mean.
Unfortunately, the choice of a suitable explanatory variable is far
from trivial, as we essentially look for a correlation of a correla-
tion, which is a somewhat ill-defined and difficult to understand
concept. We will here exemplarily perform a linear regression
against temperature, assuming that with rising temperature (as a
measure for the energy content of the system), both volatilisation
of NH3 and buoyancy will increase and the correlation between
the two might become stronger. However, this is merely an edu-
cated guess and not bound to be the most suitable model, nor is
temperature guaranteed the most suitable regressor. In fact, we
suspect that especially at remote sites with little to no diurnal
variation in air NH3 concentrations, but pronounced variation in
vex (which is strongly linked to atmospheric turbulence), most
variables with a strong diurnal cycle would work similarly well
as a predictor for rvex,χa . The model is given as:
rˆvex,χa(T) = m1 · T + b1, (5.12)
with the slope m1 (−) and intercept b1 (−). Equation (5.9) then
becomes:
F = vex · (χf − χa) + vex′ · χf′− σvex · σˆχa(χa) · rˆvex,χa(T). (5.13)
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5.2.5 Comparison of flux prediction strategies
A 12-month gap-free set of synthetic input data was generated
by running the Eulerian grid model LOTOS-EUROS (Hendriks
et al., 2016) in conjunction with ECMWF meteorology for the year
2016. Through a one-way nesting procedure a simulation over
Germany was performed on a resolution of 0.125◦ longitude by
0.0625◦ latitude, approximately 7 by 7 km2. The high resolution
domain is nested in a European domain with a resolution of 0.5◦
longitude by 0.25◦ latitude, approximately 28 by 28 km2. Emis-
sions include the TNO MACC-III European emission inventory
for the year 2014. For Germany, the national emission inventory
of the German Environmental Protection Agency (UBA) was
used to prescribe the gridded emissions. LOTOS-EUROS is one
of the few CTMs that include SO2-NH3 co-deposition and bid-
irectional surface-atmosphere exchange of NH3 (Wichink Kruit
et al., 2017, 2012).
We here used data from one grid cell in the Allgäu region in
southern Germany (47◦41′34.80′′ N, 10◦2′6.00′′ E) (Figure 5.2a).
Average temperature during the year of 2016 was 8.1 ◦C, total
precipitation 1690mm, and the average NH3 concentration was
5.6µg m−3 (highest hourly means up to 60.6µg m−3) at an (aero-
dynamic) reference height of 2.5m above zero-plane displace-
ment. The annual course of the leaf area index was modelled as
implemented in the DEPAC deposition module within LOTOS-
EUROS (Emberson et al., 2000; Wichink Kruit et al., 2012). We
here exemplarily used land-use parameters for grassy semi-
natural vegetation; results for other land-use classes can be found
in Figure C.1 of the Supplementary Material.
Additionally, we tested the correction scheme for measured
data from a flux tower in the Bavarian Forest in Germany (Fig-
ure 5.2b) at 807m a.s.l. (base of the tower), 48◦56′50.27′′ N,
13◦25′12.22′′ E (Beudert and Gietl, 2015). NH3 concentrations
were measured using a QCL absorption spectrometer from Aero-
dyne Research Inc., Billerica, MA, USA (cf. Zöll et al. (2016) for a
detailed instrument description) at 31m above ground level, and
with an original sampling rate of 10Hz averaged to 1 concentra-
tion value per hour. Turbulence measurements were taken with
a sonic anemometer (model R3, Gill Instruments Ltd., Lyming-
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Figure 5.2: Hourly and monthly averaged air NH3 concentrations
for the year 2016 of (a) synthetic data predicted from
LOTOS-EUROS for one grid cell in the Allgäu region in
Germany and (b) measured data from a flux tower in the
Bavarian Forest.
ton, UK) at the same height, as well as temperature and relative
humidity using HC2S3 probes (Campbell Scientific, Inc., Logan,
UT, USA). Leaf area index and canopy height were not meas-
ured at the site and parameterised as proposed in Massad et al.
(2010a). Annual average temperature at the site was 7.4 ◦C, total
precipitation was 1047mm, and the average of NH3 concentra-
tions used in this study (approximately 56 % data coverage of the
year) was 1.1µg m−3 (maximum 14.5µg m−3). Measured ambient
NH3 concentrations at this site are preliminary, but have under-
gone common quality procedures, such as despiking, and system
performance tests with regard to flow rate, temperature, and
pressure stability. These data will be published in an ecological
context in the near future. The purpose of using this dataset is
solely meant for assessing the correction scheme, thus absolute
numbers should not be cited for verifying ecosystem-specific
thresholds. We also note that we here used the Massad et al.
(2010a) parameterisation in its original form, despite the findings
of Schrader et al. (2016) regarding a likely too large non-stomatal
(cuticular) resistance in this parameterisation. While this leads to
relatively low predicted fluxes, the derivation of the error term is
unaffected. An additional case study for a moorland site in south-
ern Scotland can be found in Figure C.2 in the Supplementary
Material.
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The dry deposition inferential model was run for four different
scenarios for each site:
1. control: all variables at hourly resolution; flux calculation on
hourly basis and subsequent averaging to monthly average
fluxes (equation (5.8)).
2. direct: monthly average NH3 concentrations and all other
variables at hourly resolution; flux calculation on hourly
basis with hourly NH3 concentrations substituted by their
monthly averages; subsequent averaging to monthly aver-
age fluxes (equation (5.6)).
3. monthly: monthly average NH3 concentrations and all other
variables at hourly resolution; calculation of exchange ve-
locities and foliar compensation points on hourly basis;
subsequent averaging to monthly average exchange velo-
cities and foliar compensation points, and calculation of
monthly fluxes via equation (5.7).
4. corrected: same as monthly, but with added correction terms
from equations (5.11)–(5.13).
Note that corrected can also be written as equal to direct plus only
the correction term for the covariance of vex and χa. Monthly
deposition fluxes for months with gaps in the measured dataset
were calculated by multiplying the arithmetic mean flux density
of a given month with the number of data points at 100 % cover-
age (assuming no bias of the gaps towards a certain time of the
day).
code and data availability Synthetic data are available
at reasonable request from M. Schaap. Measured data will be
published separately after final analysis. A Python 2.7 imple-
mentation of the Massad et al. (2010a) parameterisation can
be requested from the lead author. An open source version of
LOTOS-EUROS is publicly available.
5.3 results and discussion
Figure 5.3a–b exemplarily shows the results of the comparison
between the different averaging strategies for the synthetic data-
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set, using the parameterisation of the dry deposition model for
semi-natural ecosystems. During some months, the relative error
reaches over 100 % higher predicted deposition compared to
control in a given month (e.g., January and April). The lowest
error introduced by using uncorrected averaging strategies is in
August (54 % for the direct variant, and 58 % for the monthly vari-
ant). Overall, the uncorrected variants overestimate total NH3 dry
deposition for the year 2016 roughly by a factor of two (Table 5.1).
There is no clear dependency of the magnitude of the relative
error on environmental drivers apparent from our observations;
however, the magnitude of the error is naturally strongly linked
to rvex,χa . Consequently, the performance of a correction scheme is
directly proportional to the certainty with which the correlation
of the exchange velocity and the air NH3 concentration can be
estimated. It also directly follows from a special case of equation
(5.9), when χf is assumed to be zero, that the use of average
deposition velocities instead of effective deposition velocities in
a unidirectional framework is affected by the exact same type of
error. In fact, due to the implicit integration of the compensation
point in the deposition velocity, the error can be expected to be
larger. Similar observations have been made by Matt and Meyers
(1993) and Meyers and Yuen (1987) for SO2 and O3, in which
they attempted to reduce the error by employing day- and night-
sampling strategies. The proposed correction approach leads to
a strong improvement during all months (Table 5.1, Figure 5.3a–
b), especially considering its relative simplicity. These findings
are also confirmed by running the model for different synthetic
datasets with different land-use types (Table C.1 and Figure C.1
in the Supplementary Material).
For the measured data (Figure 5.3c–d), the picture is somewhat
less clear, due to alternating over- and underestimations of av-
eraged predicted deposition with respect to the control. While
in some months, uncorrected direct or monthly flux prediction
strategies give the best approximation to flux calculation using
high-frequency data (e.g., May or October), the sum of all devi-
ations from control is still lowest for the corrected variant (Table
5.1). However, the mean absolute deviation from control is lowest
for the direct variant, albeit by a very small margin. Reasons for
this less clear performance can be found in the very uncertain
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Figure 5.3: (a) Predicted cumulative monthly NH3 deposition for the
four scenarios control, direct, monthly, and corrected of the
synthetic dataset (see text for description). Differences
are given as percent deviation from control. (b) Predicted
cumulative monthly NH3 deposition of direct, monthly,
and corrected variants against control. Dashed lines are
95 % bootstrapped confidence intervals of the regression
lines. (c–d) Same as (a–b), but for the measured data. The
legend in (c) is valid for all four panels.
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Table 5.1: Performance of the different averaging strategies. Cov-
erage: Raw data coverage of the year 2016; ΣF: Sum of
all monthly fluxes (positive is deposition); Difference:
difference from control; MAD: mean absolute monthly
differences from control.
scenario coverage (%)
ΣF difference mad
(g ha−1) (g ha−1) (g ha−1)
sy
nt
he
ti
c control
100
4347.0
direct 8126.5 3779.5 315.0
monthly 8062.1 3715.0 309.6
corrected 4329.0 −18.0 40.9
m
ea
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regression of rvex,χa against ambient temperature (Figure 5.4d),
leading to all estimates of rvex,χa close to its arithmetic mean,
although it clearly changes throughout the measurement period.
Furthermore, the error introduced by the different averaging
strategies is already much lower (< 25%) than for the synthetic
dataset, which indicates a strong site-specificity of rvex,χa . This
is supported by the observation that other measured datasets
exhibit much larger errors (Figure C.2 in the Supplement).
The higher than observed anticorrelation between NH3 con-
centrations and the exchange velocities may be due to the large
difference in NH3 levels between the synthetic and measured
dataset (Figure 5.2). Firstly, in source areas primary emissions
cause nighttime concentration maxima to occur, whereas ex-
change rates are highest during late morning hours when PBL
growth has diluted the NH3 concentrations. CTM modelled data
from the grid-cell that includes the Bavarian Forest site (grey
lines in Figure 5.4d) exhibit a weaker anticorrelation rvex,χa than
the synthetic dataset from the Allgäu region. LOTOS-EUROS’
resolution may explain why it is still somewhat more negative
than observed: In each grid cell emissions of NH3 take place,
causing a slight nighttime maximum. In reality, the stagnant
conditions do not allow these emissions to reach a hill site such
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Figure 5.4: Linear regressions as an estimate for (a) the monthly
standard deviation of air NH3 concentrations and (b) the
monthly Pearson correlation of exchange velocities and air
NH3 concentrations for the synthetic dataset. (c–d) Same
as (a–b), but for the measured data. Grey lines in panel (d)
are results for CTM data from the grid cell that includes
the Bavarian Forest measurement tower. Light grey is
modelled with land-use parameters for a coniferous, dark
grey for a deciduous forest.
as the Bavarian Forest measurement tower. Hence, the implicit
spatial mixing may explain the stronger anticorrelation found in
the measurements.
It is evident from Figure 5.5, that, unfortunately for the pur-
poses of correcting biased monthly flux estimates, the known
part of the error term (vex′ · χf′) contributes much less to the
total error than the unknown part (−vex′ · χa′). Consequently,
the choice between direct and monthly flux calculation strategies
does not substantially change the magnitude of the error. The
assumption of a relative error in measured air NH3 concentra-
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tions appears to be justified from our observations with both
modelled and measured concentrations (Fig 5.4a,c.). However,
modelling the correlation of the exchange velocity and air NH3
concentrations remains a challenge, as difficulties in the interpret-
ation lead to difficulties in the conceptualisation of an adequate
model for rvex,χa (Figure 5.4b,d). Also note that, for NH3, both
deposition, and emission can occur. We make no distinction
between the two in our analysis, as all sites show net deposition
on the monthly scale and no artificial management events were
modelled. Contrary to deposition velocity models, information
about the direction of the flux is removed from the exchange
velocity by explicitly separating it from the compensation point
in the derivations. Equation (5.12) appears to work acceptably
well for modelling rvex,χa in the synthetic dataset, but not very
well for the measured one. A better course of action than the one
presented here might, for example, be based on a multivariate
regression using more than one environmental driving factor.
However, many potential candidate variables are highly cor-
related, and the number of parameters of such a multivariate
model may quickly approach the number of data points, leading
to an increased risk of overfitting and questionable predictive
value. We have investigated the potential of fitting the correc-
tion factors on a smaller timescale than the averaging period,
thereby increasing the number of data points for the regres-
sion, but this has been rather unsuccessful in terms of reducing
uncertainty. With simple regression approaches, an adequate
correction function will certainly be site-specific, and it will not
be universally valid for different parameterisations of biosphere-
atmosphere-exchange schemes. With the increasing availability
of optical high-frequency NH3 measurement instruments, fitting
ecosystem-type and environmental condition specific multivari-
ate correction functions, thereby potentially eliminating the need
for site-specific parallel measurements, is a promising outlook,
but we assume that the number of NH3 concentration measure-
ments currently available is simply too low for this task. However,
truly site-independent correction functions that can be readily
applied in existing modelling schemes may not even be possible
to derive, as they likely depend on a multitude of factors which
are not routinely measured. The relationship between vex and
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χa may be vastly different depending on, for example, the N
status of the ecosystem of interest, atmospheric composition, and
even the measurement period. In agricultural ecosystems, for
instance, there are times when the concentration is largely driven
by emission fluxes from the surface, and times when the ambient
concentration will drive the flux. The same can be the case for
forests before and after leaf-fall (Hansen et al., 2017). Further
research is necessary to develop an optimal strategy to handle
these challenges.
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Figure 5.5: Variation of the individual error terms in equation (5.9)
with the magnitude of the error for (a) synthetic and (b)
measured data. Note that the signs are switched in this
graph (deposition is positive) for consistency with Figure
5.3.
Readers should be aware that the observations and derivations
made in this study are strictly only valid for a model paramet-
erisation where both vex and χf are not directly dependent on
high-frequency observations of the air NH3 concentration, χa,
such as the parameterisation of Massad et al. (2010a). For in-
stance, Wichink Kruit et al. (2010) used an air NH3 concentration
dependent formulation for the cuticular compensation point to
approximate saturation effects within leaf surface water layers.
In this case, it would be advisable to use a corrected formulation
based on the direct variant, so that one χa-dependent covariance
in the correction term can be eliminated. Other than that, all
derivations demonstrated here remain the same, should be ad-
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aptable to other parameterisations and model structures in a
straightforward manner, and they are valid for any arbitrary
averaging period.
5.4 conclusions
We have demonstrated and formally shown that commonly used
averaging strategies for the prediction of long-term average
fluxes from long-term average measurements of NH3 concen-
trations (e.g., from denuder or passive sampler records) and
high-frequency micrometeorology are biased. The magnitude and
variation of this bias is dependent on the biosphere-atmosphere-
exchange scheme used, and measurement site characteristics,
such as surface, parameters, pollution level and the distance
to NH3 sources. The magnitude of errors in predicted fluxes
introduced by using uncorrected averaging schemes is directly
proportional to the (anti-)correlation of NH3 exchange velocities
and ambient concentrations, which is expected to be significant
due to saturation effects on wet leaf surfaces (Cape et al., 2008;
Jones et al., 2007a; Wentworth et al., 2016), deposition history-
dependent compensation points (Massad et al., 2010a; Wichink
Kruit et al., 2010), and their inherent dependence on the same
environmental variables. Relative errors of up to 100% deviation
from control and higher were observed in the synthetic dataset,
whereas measured data showed both over- and underestimations
of less than 25 % that compensated each other over the course
of the measurement period. The proposed correction scheme
consists of
1. Measuring time-series of average NH3 concentrations with
low-frequency, low-cost monitoring equipment,
2. Measuring meteorological drivers at a high-frequency with
standard instrumentation,
3. Taking parallel measurements with a high-frequency NH3
monitor for a limited time to parameterise functions to es-
timate the standard deviation of NH3 concentrations (equa-
tion (5.11)), and the correlation of air NH3 concentrations
with the exchange velocity (equation (5.12)),
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4. Calculating corrected monthly average fluxes using equa-
tion (5.13).
The results of our first tests appear promising, but uncertainties
in estimating aforementioned correlation have to be overcome
in the future. In its current state, low-frequency concentration
measurements need to be accompanied by high-frequency meas-
urements for a certain (yet to be determined) amount of time
to derive valid site-specific correction functions. In-depth model
structure analyses and multi-site studies, especially at those with
higher NH3 concentrations and possibly emission fluxes, may
give further valuable insight into the exact mechanics behind
the dominant source of the error: the correlation of the NH3
exchange velocities and air NH3 concentrations.
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S U M M A RY
Knowledge about the process being modelled starts fairly low,
then increases as understanding is obtained,
and tapers off to a high value at the end.
— Harold Chestnut
6.1 key findings
In this thesis, I have explored the state-of-the-art of NH3 biosphere-
atmosphere exchange modelling. I have tried to highlight the
key issues that need to be addressed in future developments,
and to give recommendations on how to deal with them in the
context of plot- and regional-scale inference of NH3 fluxes from
measured or modelled concentrations. In doing so, I have always
assumed the perspective of a practical model developer, i.e., I have
made an effort to find solutions that are ready to be implemented
both in an ecosystem-integrated setting, such as micrometeor-
ological monitoring sites, and in large-scale CTMs. This often
comes at the cost of sacrificing a fully mechanistic description of
all processes; however, suitable, science-based, steady-state ap-
proximations to complex and dynamic NH3 exchange processes
are something we desparately need to address the challenges
that we are facing. That is, to identify key areas that are in need
of immediate action to preserve our few remaining natural eco-
systems; to create nation-wide and even global budgets of Nr
emission, transport, and deposition; to back up our predictions
with observational evidence and work hand in hand with the
people who run representative monitoring efforts; and to clearly
communicate the shortcomings of our current tools and the need
for further research.
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6.1.1 Deposition velocities
In Chapter 2, I have compiled a database of recent measurements
and modelled estimates of the NH3 deposition velocity. While
the general idea of using a single deposition velocity per land-use
class and over large periods of time is an inherently unsatisfying
concept for process modellers, I have come to learn and experi-
ence first-hand that it is indeed still being widely used nowadays.
This is especially the case in regulatory processes, where consult-
ants and government agents alike need easy-to-understand and
easy-to-use tools that leave little to no room for interpretation in
their application. Using approaches that represent the scientific
state-of-the-art, no matter how simple from a researcher’s point
of view, may already be so complex that they would indubit-
ably lead to legal battles about operator bias. To quote the great
mathematician John von Neumann: With four parameters I can
fit an elephant, and with five I can make him wiggle his trunk. From
the experience I have gathered in the past five years, it seems to
me that this is also more often than not the case for modelling
biosphere-atmosphere exchange of Nr compounds, where there
is a plethora of different tools for the same purpose, which not
all necessarily arrive at similar answers.
That being said, it is our responsibility as researchers to provide
policy with the necessary tools to do their jobs, while being as
objective as possible at this task. In Schrader and Brümmer (2014)
we have made an attempt at doing so, by weighting results from a
literature research based on an assessment of their validity and re-
liability. All the necessary tools to modify this weighting scheme,
be they due to a disagreement with our weighting choices, or
for specific applications, have been made publicly available. Key
results found in this study reflect the overall expectation regard-
ing the order of magnitude of deposition velocities for certain
ecosystems, as well as their variability. Ecosystems with large
receptor areas, such as coniferous or mixed forests, were found
to show the highest deposition velocities, and agricultural areas,
while having the lowest median deposition velocity, likely due
to N saturation and thus large emission potentials, are overall
very variable. Weighted average and median deposition velocities
were 2.2 and 2.1 cm s−1 for coniferous forests, 1.5 and 1.2 cm s−1
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for mixed forests, 1.1 and 0.9 cm s−1 for deciduous forests, 0.9
and 0.7 cm s−1 for semi-natural sites, 0.7 and 0.8 cm s−1 for urban
sites, 0.7 and 0.6 cm s−1 for water surfaces, and 1.0 and 0.4 cm s−1
for agricultural sites, respectively.
Results of this study have since been used by numerous other
researchers as a plausibility check for their experimental meas-
urements and monitoring efforts (Adon et al., 2018; Häni et al.,
2018; Hunova et al., 2016; Johnson et al., 2016; Thimonier et al.,
2019; van der Graaf et al., 2018). Originally, this study emerged
from the need for an update to the in Germany widely used
tabulated deposition velocities by VDI (2006), and it was fun-
ded for that purpose (Schrader and Brümmer, 2013); however, it
should be noted that at the time of writing this thesis, a task force
responsible for updating the industry standard described in VDI
(2006) is in the processes of exploring options for a simplified
resistance model to be used in regulatory processes in the future
instead.
6.1.2 Non-stomatal exchange
While Chapter 2 was the result of my first steps into the field
of NH3 research, Chapter 3 emerged from a deeper dive into
the intricacies of modelling biosphere-atmosphere exchange of
trace gases. Starting with the parameterisation of a two-layer
canopy compensation point model (Nemitz et al., 2001) after
Massad et al. (2010a), I noticed consistently low predicted non-
stomatal deposition fluxes even at very humid measurement
sites. A deeper investigation of the reasons for this revealed that
this was very likely due to a too high minimum non-stomatal
resistance prescribed in the parameterisation, especially at sites
with large average acid-to-NH3 ratios in the ambient air (Schrader
et al., 2016). Observed average acid-to-NH3 ratios ranged from 0.1
to 0.7 at the sites analysed in our study, leading to minimum non-
stomatal resistance values at 100% relative humidity between
45 to 315 s m−1 before further corrections – considerably larger
than values found in a meta-analysis by Massad et al. (2010a).
This was further amplified by a too strong temperature response
parameter in an empirical correction that essentially accounts for
an increasing compensation point with rising temperatures, even
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though this pathway is modelled unidirectionally in Massad et al.
(2010a)
At the same time, I looked at alternatives for modelling ex-
change with non-stomatal surfaces, and I was intrigued by the
ideas of Wichink Kruit et al. (2010). They have recognised the
modeller’s dilemma of having to find static approximations
for processes that we know very well are dynamic in nature
(Wentworth et al., 2016). While very sophisticated models exist
that have been shown to successfully simulate phenomena such
as early morning emission of NH3 from leaf surfaces (Flechard
et al., 1999; Sutton et al., 1998), they have not found widespread
application in regional modelling due to limits in computational
power for sub-grid processes and specific requirements about
their input data. Wichink Kruit et al. (2010) attempted to solve
these problems with the introduction and empirical paramet-
erisation of a non-stomatal compensation point that does not
require dynamically solving model equations at small time-steps.
However, comparing this model to observational data I noticed
a tendency to overestimate deposition under certain circum-
stances only. Their best parameterisation for the non-stomatal
(and stomatal) emission potential included an instantaneous tem-
perature response, accounting for seasonality in the emission
potentials, which acts in the opposite direction of the temperat-
ure response that converts emission potentials into compensation
point concentrations. This conversion is based on solubility and
dissociation equilibria and can under some circumstances be
considerably weaker than the seasonality function in the Wichink
Kruit et al. (2010) model. In fact, as outlined in section 3.2.3, the
equilibrium reaction temperature response may be completely
countered by the seasonality response when temperatures in-
crease. Consequently, under very warm conditions, when one
would generally expect stronger volatilisation of NH3 and thus a
larger compensation point, it can actually fall to zero.
Comparing the two models against each other, as well as
against micrometeorological measurement, led to an admittedly
somewhat vague answer to the question which of the two para-
meterisations performs better in practice: It depends. The key
lesson to learn from this observation is that there is, in fact, still
a lot to do in terms of parameterising even these fairly simple
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models, and that we should work towards a consensus on an
appropriate framework to do so. The widely used unidirectional
approach may work well in practice and be better validated on
long-term budgets, but on finer temporal scales the approach
of Wichink Kruit et al. (2010) allows for more realistic predicted
fluxes and meaningful parameters, given that it will be updated
with some modifications in the future, such as a delayed tem-
perature response accounting for seasonality in the emission
potential parameterisations.
6.1.3 Stomatal exchange
In Chapter 4 – part opinion piece, part case study – I describe
first results on the way to a more mechanistic inter-compound
coupling in biosphere-atmosphere exchange modelling. The de-
sire to work towards such coupled models emerged from the
goals of the junior research group I started my work in, called
NITROSPHERE, in which we aimed to shine light on the interac-
tions between Nr deposition and greenhouse gas exchange using
both novel measurement techniques and biosphere-atmosphere
exchange models. With regards to the modelling part, I found
that there is relatively little overlap between those communities
who model CO2 exchange, and those who model NH3 exchange.
This came as a surprise, since they are fundamentally linked
through a shared exchange pathway, as well as possible effects
of acidity / alkalinity that are yet to be researched. Furthermore,
many CTMs do model CO2 exchange, albeit independent from
other trace gases, and many, if not most sites at which NH3 flux
measurements are being made are already equipped with CO2
flux measurement instrumentation.
In Schrader et al. (in preparation) we argue there are many
potential benefits from modelling NH3 and CO2 exchange in
a coupled manner, i.e., by linking them through the stomatal
conductance via the well-known and well-understood model of
Ball et al. (1987). This may be done in a number of different
ways, e.g. either by directly inferring stomatal conductance from
measured fluxes of CO2, or by modelling photosynthesis and
ecosystem respiration, validating them on measured CO2 net
ecosystem exchange, and deriving a gap- and noise-free dataset
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of stomatal conductance from modelled photosynthesis. This is
useful for both the modelling and measurement community: By
deriving stomatal conductance directly from CO2 fluxes, models
gain the ability of directly reacting to rising atmospheric CO2
concentrations and the assosciated effects on stomatal opening
(Ainsworth and Rogers, 2007). The monitoring community can
benefit from having valid, data-driven and site-specific estimates
of the stomatal conductance instead of generalised one-size-fits-
all empirical parameterisations for few ecosystem types, that
in addition often require potentially unavailable ancillary data
and / or complex sub-models that are prone to errors in their
implementation. Finally, we demonstrated the advantages for the
experimentalist through an increased confidence in the validity
of NH3 flux partitioning via resistance models on a case study
using eddy-covariance measurements.
6.1.4 Temporal resolution
The question of mean versus effective deposition velocities, i.e.,
the difference between the mean of the flux divided by the con-
centration and the mean flux divided by the mean concentration,
was the topic of conversations with many different colleagues
throughout my academic journey. It was always clear, both nu-
merically and logically, that they cannot be the same, but at the
same time, it was almost never discussed in the literature. In fact,
as the reader may have noticed, I was not fully aware myself of
the full scope of this issue at the time of publishing Schrader
and Brümmer (2013, 2014) / Chapter 2 in this thesis, although
it should be noted that in the vast majority of studies that went
into our results only one of the two was mentioned anyway. I
therefore worked on trying to quantify, and later correct for it,
not only with focus on deposition velocities, but especially on
bidirectional models with low-resolution concentration measure-
ments as input data – which would need an effective modelled
exchange velocity, but have usually been applied with mean ex-
change velocities in the literature available at the time of writing.
Eventually, I found that the magnitude of the error can be quan-
tified precisely: It directly depends on the correlation of ambient
concentrations and the NH3 exchange velocity, which, unfortu-
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nately, is unknown when working with low-resolution concen-
tration measurements. However, as demonstrated in Chapter 5
/ Schrader et al. (2018), site-specific correction functions can be
calibrated on temporary parallel measurements, and they allow
for a remarkable reduction of bias in long-term NH3 deposition
budgets (e.g., from 86% to less than 1% in one example). Since it
appears as though the correlation is not constant throughout the
year, these parallel measurements need to be taken either over a
longer period, or at least temporarily during the different seasons.
As of writing this thesis, it is unknown how long exactly this
period needs to be, and whether or not the correlation is signi-
ficantly different if calculated over shorter time periods than the
target resolution, i.e., the sampling resolution of the low-resolution
concentration measurements. From a sensitivity study outlined in
Appendix C.2 it seems that there is relatively little change in the
magnitude of the error (and therefore the correlation) between
one and four weeks, which indicates that probably more than
one data point per month may be used for the calibration of
correction functions for a monthly target resolution.
6.2 uncertainties
Rigorous assessments of both model and measurement related
uncertainties in the estimation of NH3 dry deposition fluxes are
extremely rare in the recent literature, likely due to consider-
able difficulties in estimating fundamental uncertainty ranges
necessary for a reliable error propagation. Generally speaking,
uncertainty results from a combination of random errors (noise)
and systematic errors (bias), although in practice these two types
often cannot be differentiated easily, and the same source of error
may appear as either of them depending on the researcher’s
point of view and the scales of interest.
Random error in measurements mainly results from limited
precision of the applied measurement techniques, but can be
quantified to a certain degree from careful characterisation of
individual instruments. However, it should be noted that laborat-
ory characterisations in a controlled environment are not always
necessarily representative of an instrument’s behaviour in long-
term field campaigns. Secondary sources of random uncertainty
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are found in both temporal and spatial scales: Multiple point-
measurements (e.g., with chambers) are likely to exhibit larger
variation than those from field-integrated micrometeorological
approaches (although each individual point-measurement may
be regarded as systematically biased). Similarly, due to intra- and
inter-annual variation in meteorological and chemical conditions,
individual years may not be representative of a long-term depos-
ition climatology, and week-long measurement campaigns may
not be representative of a seasonal average, whereas an average
over multiple such campaigns is likely to be.
Systematic measurement uncertainty, on the other hand, is
related to accuracy instead of precision, and much more difficult
to quantify. Sources include, but are not limited to, instrument
bias (e.g. due to calibration errors, or actual quantities of interest
below the limit of detection), bias in data-processing related para-
meters (e.g., stability correction functions), errors in measurement
setups, neglection of advection errors, and vertical flux diver-
gence due to chemical reactions between the reference height
and the NH3 sink level. Likewise, temporal and spatial issues
can introduce systematic error as well: Sampling bias originat-
ing from generally higher data availability during daytime may
subsequently lead to biased gap-filling results and ignorance of
night-time production and consumption processes, as is known
to be the case for CO2 (Moncrieff et al., 1996). Spatially related
sources of uncertainty in measurements are an individual meas-
urement site’s representativeness for the ecosystem of interest,
and heterogeneity in the flux footprint.
Both random and systematic errors in the measurement dir-
ectly translate into errors in modelled fluxes, since models are
typically calibrated to fit our measurements, and, if applied
outside of CTMs, driven with measured input variables. As a
consequency, for example noisy concentration measurements
will inevitably result in noisy modelled fluxes. Regarding fixed,
land-use specific parameter values, it is debatable whether or
not data availability for all ecosystem types of interest is enough
to bridge the gap from systematic representativeness errors to
random variation in parameterisations. For instance, the acid-
to-NH3 ratio in the non-stomatal resistance parameterisation of
Massad et al. (2010a) is based on four to five individual data
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points for three of the four land-use classes they consider, and
the uncertainty range around the relative humidity response
parameter they provide leads to coefficients of variation of up to
89% for short semi-natural ecosystems. Given the exponential
nature of the parameterisation, this leads to enormous (random
and very likely systematic) uncertainties in non-stomatal fluxes.
However, at the time of publication, it was virtually impossible
to estimate the systematic proportion of it, since the extensive lit-
erature review behind the Massad et al. (2010a) parameterisation
covered the majority of available literature on measured NH3
fluxes at the time, leaving little room for independent validation.
Note that this is not meant as criticism of their approach, but
rather a demonstration of a dilemma that necessarily emerges
from limited data availability.
In comparison to measurements, modelled fluxes likely suf-
fer from even larger systematic uncertainties: In this thesis, I
demonstrated physical implausibilities in state-of-the-art para-
meterisations of the non-stomatal exchange pathway (Chapter
3), as well as errors arising from temporal averaging (Chapter
5). Note that the latter can directly be translated into the same
type of systematic error we found in Schrader et al. (2018) when
averaging in space, although the extent of that is yet to be investig-
ated. With regard to regional modelling, both random uncertainty
and systematic uncertainty in the representativeness of grid-cell
averages naturally arise from implicit mixing errors and system-
atic errors in land-use and parameter maps, model resolution
issues in orographically variable regions, and low granularity of
emission maps due to data protection regulations. That being
said, perhaps the most significant sources of systematic uncer-
tainty are unresolved physical and chemical processes, such as
within-canopy gas-particle interconversion, or leaf-level chemical
processes like cuticular desorption. These are often impossible
to parameterise outside of specialised field trials, or limited in
their application due to computational constraints (e.g., Flechard
et al., 1999, 2013; Sutton et al., 1998). Last but not least, there may
still be significant unknown unknowns left in our understanding
of NH3 exchange processes, which would naturally fall in the
same category.
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It is evident from this discussion how difficult it is to provide
general estimates of uncertainty that are representative for the
combined effects of all different types and sources, and that can
be applied on different scales. All uncertainty estimates in this
field need to be linked to a clearly defined reference frame in
space, time, and application. Micrometeorological measurements
at a given site can have low systematic uncertainty if the meas-
urements are aimed at testing hypotheses about a specific site
only, but very little certainty for general statements about an
ecosystem type as a whole. To my knowledge, there has not been
an attempt at quantifying uncertainties of state-of-the-art NH3
biosphere-atmosphere exchange models at different scales in the
recent literature. Erisman (1993), in one of the few simultaneous
assessments of model- and measurement related uncertainties,
estimated the total random uncertainy in the yearly average of
modelled NH3 dry deposition to be 130% and the systematic
uncertainty to be 58% on a 5 by 5 km grid over the Nether-
lands. For the whole country, his random uncertainty estimates
reduced to 17% and systematic uncertainty to 45%. Note that
these numbers are based on the (likely not always valid) assump-
tion of uncorrelated errors. In the worst case, perfectly correlated
errors, systematic errors for total (wet and dry) reduced nitrogen
deposition increase up to 89–98%.
Strategies for a new comprehensive uncertainty analysis could
be based on reanalysing instrument comparison field trials to ob-
tain good estimates of measurement-related errors, following the
example of Nemitz et al. (2009). Random uncertainty in models
might be estimated by simultaneous parameter optimisation on
existing flux datasets, potentially using Bayesian methods that
yield credibility intervals and parameter distriubtions instead of
single best fit values, or at best, approximate confidence intervals
as obtained from traditional frequentist statistics. Forward error
propagation from noisy input data and parameters whose distri-
bution is known can nowadays easily be done with simple brute
force Monte Carlo approaches for one-dimensional applications,
thanks to abundant computing power. Systematic uncertainty
should be analysed using model ensembles similar to the works
of Flechard et al. (2011), but with higher temporal-resolution
of the input data, and compared to direct flux measurements
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obtained with micrometeorological methods. For sites where the
necessary data are available, comparing mechanistically accur-
ate models (or model-parts) (e.g., Flechard et al., 1999; Massad
et al., 2010b) with the simpler compromises used in CTMs might
be instructive with regard to their physical plasubility, and a
first step towards developing approximate, easy-to-parameterise
meta-models for missing processes.
In the work at hand I have not done any uncertainty calcula-
tions that are remotely as comprehensive as, e.g., shown in Eris-
man (1993) myself. However, the numbers Erisman (1993) arrives
at are generally in agreement with my own expectations and ex-
periences in field-scale application of NH3 biosphere-atmosphere
exchange models more than two decades later. Given that run-
ning existing state-of-the-art models in parallel with the same
input data often yields a surprisingly large span of predicted
fluxes, sometimes even in opposite directions for individual path-
ways, I generally assume that at the field scale, absolute total
uncertainty in annual estimates of dry deposition is at the very
least on the order of 1kg ha−1 yr−1, or in relative terms, usually
a significant two-digit percentage. Note that it is generally ac-
cepted that micrometeorological measurements are usually only
accurate to around 10–20% anyway, due to natural variability in
terrain, turbulence, and instrumentation (Moncrieff et al., 1996).
In a recent long-term measurement campaign at a remote
site in the Bavarian Forest National Park, we compared eddy-
covariance measurements of total Nr biosphere-atmosphere ex-
change (Brümmer et al., in press; Zöll et al., under review), the
majority of which consisted of NH3, with modelled estimates
using different variants of the dry deposition module DEPAC
(van Zanten et al., 2010), based on the parameterisation of a
two-layer canopy compensation point model of Wichink Kruit
et al. (2010). Depending on the specific scenario (inside the CTM
LOTOS-EUROS and a measurement-driven 1D variant; with and
without land-use corrected for site-specific conditions), modelled
cumulative total Nr fluxes before gap-filling were within 20–70%
agreement with the measurements, although almost all variants
showed a tendency to overestimate deposition (Brümmer et al.,
in press).
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Despite not directly quantifying them, this thesis contributes
to the overall reduction of uncertainty by isolating sources of
systematic error in the non-stomatal pathway (Chapter 3), pro-
moting the use of mechanistic, direct, and data-driven methods
(Chapter 4), and providing a correction method for systematic
errors arising from temporal averaging (Chapter 5).
6.3 implications
In this thesis, I probably ask more new questions than I give
answers to existing ones. Nevertheless, if we look at the over-
arching aim of developing practical tools for the assessment of
Nr deposition, the better understanding of state-of-the-art model
parameterisations and the errors that are associated with them
can directly be put to good use. Most, if not all of the shortcom-
ings that have been discussed may be revised with reasonable
effort, possibly even without additional measurements, as further
outlined in the final section of this summary. Others may directly
be addressed on the local scale.
There is a clear need for large-scale Nr deposition monitoring,
which, in many countries is not met. In Germany, apart from
throughfall measurements in forests, only very few experimental
measurement sites exist, much less any kind of nation-wide de-
position monitoring efforts. However, the results presented in this
thesis may be helpful to fill this gap. For instance, continent-wide
research infrastructures like ICOS (Franz et al., 2018) in Europe or
NEON (SanClements et al., 2014) in the US, which routinely meas-
ure turbulent fluxes of CO2 using the eddy-covariance technique,
may be used as a modular platform for low-cost NH3 depos-
ition monitoring. Their existing flux towers may be equipped
with low-cost, low-effort concentration measurement devices like
passive samplers, and complemented by individually calibrated
biosphere-atmosphere exchange models. In such a monitoring
network, the stomatal pathway would be parameterised through
CO2 flux-derived stomatal conductance, as well as estimates of
the stomatal emission potential based on historical modelled
or measured N inputs (Massad et al., 2010a), or directly on
long-term average ambient NH3 concentrations (Wichink Kruit
et al., 2010). Site-specific parameterisations of the non-stomatal
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resistance (in a unidirectional framework) or its emission po-
tential (following the works of Wichink Kruit et al., 2010) may
be based on a one-time calibration on nighttime flux measure-
ments using a roving system. Finally, the same system would be
used to calibrate correction functions for the lowered temporal
resolution of passive samplers (which actually only needs con-
centration measurements instead of fluxes) and for site-specific
model validation. The initial effort for setting up such a hybrid
model-measurement-network would be largely outweighed by
the benefits of an already existing infrastructure, finished site
exploration, and low additional long-term cost of operation.
6.4 recommendations
Finally, I would like to conclude this thesis with a few recom-
mendations for future research, both related to NH3 modelling
in general, and to the specific questions that emerge from my
research.
consensus on an optimal framework Finding the op-
timal balance between realism and applicability is probably the
biggest challenge for modellers in every scientific discipline. As
Flechard et al. (2013) noted, the level of complexity needs to
be tailored to the specific application, but overall the two-layer
canopy compensation point model after Nemitz et al. (2001) has
been recognised as a good compromise between realism and ac-
curacy on different scales. However, for site-level applications the
unidirectional treatment of the non-stomatal pathway remains
somewhat unsatisfying. Personally, I am convinced that a hybrid
model, i.e. a steady-state approximation of cuticular desorption
following the example of Wichink Kruit et al. (2010), should be
the way to go in the future, as there is no clear justification for
treating both stomatal and ground-layer fluxes bidirectionally,
but fluxes from other non-stomatal surfaces (e.g., wet leaves and
stems) not.
recalibration of existing models As illustrated in
Chapter 3, both the parameterisations of a two-layer model after
Massad et al. (2010a) and Wichink Kruit et al. (2010) suffer from
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some shortcomings in specific details of their implementation.
I am convinced that feasible solutions to these can be found
based on existing data and theoretical considerations. The tem-
perature response parameter in Massad et al. (2010a) may be
set with an effective one derived from equilibrium constants
(cf. Section 3.3.1). The non-stomatal resistance can easily reach
values of more than 1000 s m−1 at relative humidities as high
as 90 % at sites with low acid-to-NH3 ratios, and it should be
tested whether more suitable minimum values can be obtained
through a recalibration on high-frequency flux measurements
instead of campaign averages. Regarding the quasi-bidirectional
approach of Wichink Kruit et al. (2010), an effort should be made
to parameterise it on direct flux measurements from a larger
variety of ecosystems. The issue of the seasonality countering
thermodynamic equilibria needs to be addressed, as it affects
not only the non-stomatal pathway discussed in Schrader et al.
(2016), but also the stomatal pathway through a similar func-
tional relationship. I propose researching options for smoother
response functions in the seasonality parameterisation, e.g. by
basing them on average instead of instantaneous measurements
of the air temperature, or alternative variables with a distinct
annual course with less intensive short-term fluctuations.
disentangling non-stomatal exchange Presently, non-
stomatal exchange pathways are often treated in an unsatisfy-
ing manner. For example, the parameterisation of Massad et al.
(2010a) is run in a one-layer configuration for unmanaged ecosys-
tems and managed ecosystems outside of management events,
but in a two-layer configuration e.g. after fertilisation. While
generally the motivation to do so is reasonable, as the ground-
layer and other non-stomatal sources can only be separated in
flux measurements when the majority of the signal can safely
be attributed to one source, it leads to an awkward shift in the
meaning of certain parameters. When there is no clear ground-
layer signal, its resistance is set to infinity and exchange with it is
lumped into the non-stomatal pathway, which is otherwise often
interpreted as representing leaf-surfaces only. This may lead to
misunderstandings and possibly bias in future parameterisations
based on meta-analyses and should be addressed by carefully
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unraveling the two pathways, e.g. through the help of chamber
measurements.
mechanistic treatment of co-deposition Known para-
meterisations of co-deposition processes are mainly based on
empirical relations (e.g., Massad et al., 2010a; Wichink Kruit et
al., 2017). Future research should explore more mechanistic solu-
tions, including their applicability to other trace gases than SO2.
Practical options worth exploring would be to derive effective
co-deposition functions from acidity / alkalinity calculations,
or attempting to build a steady-state meta-model based on the
dynamic leaf-surface chemistry simulations of Flechard et al.
(1999).
comparison of measurement techniques While the
aerodynamic gradient technique has been the de-facto standard
for NH3 measurements in the past, the recent literature has seen
an increased use of novel methods primarily using different
optical spectroscopy systems (Ferrara et al., 2012; Hansen et al.,
2015; Volten et al., 2012; von Bobrutzki et al., 2010; Whitehead et
al., 2008; Zöll et al., 2016, and others). These should carefully be
evaluated against each other and against gradient measurements
in order to assess the uncertainties related with the techniques,
and NH3 flux measurements in general.
harmonised database of flux measurements During
my work on this thesis, I found that getting access to existing ob-
servational data is not a trivial task and can be extremely tedious
when planning multi-site comparisons, and these data naturally
come in an enormous variety of different formats and quality
levels. There should be a global effort to build a harmonised
database of not only NH3, but all Nr exchange measurements,
following the example of FLUXNET for eddy-covariance data. A
better availability and accessibility of measured fluxes and other
necessary variables would easily have one of the biggest impacts
on boosting model development in the future.
model validation A natural consequence of data scarcity
is that models are often calibrated on virtually all available data,
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which leaves litte to no room for independent model validation.
Model developers should try to address this, e.g., by running
cross-validation analyses and exploring other options to obtain
validation data that were not used for the respective paramet-
erisations.
As this list is by far not exhaustive, and only discusses the most
pressing issues from the point of view of someone mainly work-
ing with very simple one- or two-layer models, it is evident that
the field of NH3 biosphere-atmosphere exchange modelling still
has a lot of room to grow. We should embrace these challenges
and do our best to work towards building good and practical
models, as in light of data scarcity they are necessary tools to
identify key areas at which we need to focus our environmental
protection efforts.
I hope that my humble contribution to this exciting field of
research can be of value for the scientific community.
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a.1 literature review
Table A.1: List of ammonia deposition velocities sorted by land-use category. Values
listed under the column Mean were used in calculating weighted averages
and medians, with the exception of duplicate values in Neirynck et al.
(2007) and Neirynck and Ceulemans (2008). CTM: chemical transport
model, LIT: literature study, AGM: aerodynamic gradient method, BIO:
biomonitoring; SUS: surrogate surfaces; CHA: chamber measurements.
reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
Coniferous forests
Builtjes et al.
(2011)
CTM 1.6 Annual mean
at zR = 25m
4 4
2.1 Annual mean
at zR = 2.5m
2.3 Annual mean
at zR = 1.0m
2.0 Mean over all
zR
Kirchner et al.
(2005)
LIT 0.8–4.5 Literature re-
search (n = 1)
4 4
2.2 Center of
range
Mohr et al. (2005) INF 1.6 Annual mean 4 4
Staelens et al.
(2012)
LIT 2.9 Literature re-
search (n =
12)
4 4
Zhang et al.
(2009)
INF 0.5 Mean of two
sites
3 2
Zimmermann et
al. (2006)
INF 3.3 Annual mean 4 4
Deciduous forests
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
Builtjes et al.
(2011)
CTM 1.4 Annual mean
at zR = 25m
4 4
1.9 Annual mean
at zR = 2.5m
2.1 Annual mean
at zR = 1.0m
1.8 Mean over all
zR
Fan et al. (2009) INF 0.3 Annual mean 4 4
Staelens et al.
(2012)
LIT 1.5 Literature re-
search (n = 4)
4 4
Zhang et al.
(2009)
INF 0.3 Mean of two
sites
2 2
Mixed forests
Endo et al. (2011) INF 0.5–0.9 Range of ten
sites
4 4
0.7 Center of
range
Flechard et al.
(2011)
INF 1.7 Mean of 29
sites
4 4
Neirynck et al.
(2005)
AGM 3.5 Daytime 4 4
2.4 Nighttime
2.9 High NH3
daytime
1.5 High NH3
nighttime
3.7 Low NH3 day-
time
2.6 Low NH3
nighttime
3.0 Annual mean
Neirynck and
Ceulemans (2008)
AGM 3.0 Annual mean 4 4
Neirynck et al.
(2007)
AGM 3.2 Winter 4 4
2.8 Summer
3.4 Summer day-
time
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
1.7 Summer
nighttime
3.6 Winter day-
time
3.0 Winter night-
time
3.0 Annual mean
Zhang et al.
(2009)
INF 0.4 Mean of three
sites
4 2
Semi-natural sites
Bajwa et al. (2008) CTM 1.0 Summer, day-
time
4 1
0.1 Summer,
nighttime
1.7 Spring, day-
time
0.1 Spring, night-
time
0.8 Fall, daytime
0.1 Fall, nighttime
0.5 Winter, day-
time
0.1 Winter night-
time
0.6 Annual mean
Benedict et al.
(2013)
INF 0.1–2.3 Annual range 4 4
1.2 Center of
range
Cape et al. (2008) CHA +
INF
1.6 Annual mean 4 4
0.3 Annual mean,
fumigated
Endo et al. (2011) INF 0.2–0.6 Range of ten
sites
4 4
0.4 Center of
range
Flechard et al.
(2011)
INF 0.6 Annual mean
of 17 sites
4 4
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
Hole et al. (2008) AGM 0.1 Annual mean
from measure-
ments
4 4
INF 0.3 Model result
for scenario
Grass
0.6 Model result
for scenario
Tundra
Horvath et al.
(2005)
AGM 1.1 Vegetation
period, day-
time
4 4
1.0 Vegetation
period, night-
time
1.1 Vegetation
period, whole
day
1.1 Dormant sea-
son, daytime
0.7 Dormant sea-
son, nighttime
0.9 Dormant
season, whole
day
1.0 Annual mean
Hurkuck et al.
(2014)
AGM 0.7 Annual mean 4 4
Jones et al. (2007a) CHA 0.4–0.6 Range during
spring
1 1
0.5 Center of
range
Kirchner et al.
(2005)
LIT 0.5–2.2 Literature re-
search (n = 3)
4 4
1.4 Center of
range
Milford et al.
(2009)
AGM 0.2 Summer 1 1
Myles et al. (2011) LIT 1.8 Literature re-
search (n = 4)
4 4
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
Nemitz et al.
(2004)
AGM 0.6 Daytime, dry 1 2
0.7 Nighttime,
dry
1.8 Daytime, wet
1.6 Nighttime,
wet
1.2 Spring mean
Phillips et al.
(2004)
AGM 3.9 Summer, day-
time
4 1
0.8 Summer,
nighttime
2.9 Spring, day-
time
0.6 Spring, night-
time
2.8 Fall, daytime
0.1 Fall, nighttime
2.4 Winter, day-
time
0.2 Winter, night-
time
1.7 Annual mean
Staelens et al.
(2012)
LIT 1.4 Literature re-
search (n =
13)
4 4
Trebs et al. (2006) INF 1.0 Fall 1 2
Water
Biswas et al.
(2005)
AGM 0.4 Monsoon 4 4
0.6 Pre-monsoon
0.5 Post-
monsoon
0.5 Mean
Builtjes et al.
(2011)
CTM 0.7 Annual mean
at zR = 25m
4 4
1.0 Annual mean
at zR = 2.5m
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
1.1 Annual mean
at zR = 1.0m
0.9 Mean over all
zR
Smith et al. (2007) INF 0.6 Summer 1 2
Urban sites
Anatolaki and Tsi-
touridou (2007)
SUS 0.8 Annual mean 4 4
Builtjes et al.
(2011)
CTM 0.7 Annual mean
at zR = 25m
4 4
0.8 Annual mean
at zR = 2.5m
0.9 Annual mean
at zR = 1.0m
0.8 Mean over all
zR
Hayashi and Yan
(2010)
LIT 0.5 Annual mean
from data syn-
thesis
4 4
Poor et al. (2006) CTM 1.1 Annual mean 4 4
Yang et al. (2010) INF 0.1 Annual mean 4 1
Agricultural sites
Baek et al. (2006) AGM 6.3 Summer 1 1
Builtjes et al.
(2011)
CTM 1.2 Annual mean
at zR = 25m
4 4
1.7 Annual mean
at zR = 2.5m
1.9 Annual mean
at zR = 1.0m
1.6 Mean over all
zR
Cui et al. (2010) INF 0.3 Spring 4 4
0.2 Summer
0.2 Fall
0.3 Winter
0.3 Annual mean
Cui et al. (2011) INF 0.3 Annual mean 4 4
LIT 0.4 Literature re-
search (n = 3)
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
Delon et al. (2012) INF 0.3 Annual mean
of five sites
4 4
Flechard et al.
(2011)
INF 0.2 Annual mean
of eight sites
4 4
Hayashi et al.
(2012)
AGM 0.6 Winter, fallow,
daytime
2 1
0.2 Winter, fallow,
nighttime
0.2 Summer,
crop period,
daytime
0.2 Summer, crop
period, night-
time
0.3 Mean
Katata et al.
(2013)
INF 0.4–0.8 Fallow 2 1
0.2–1.0 Crop period
0.6 Center of
range
Loubet et al.
(2011)
INF 0.1–0.6 Annual mean 4 4
0.4 Center of
range
Meyers et al.
(2006)
REA 4.7 Summer 1 1
Myles et al. (2007) REA 1.3 Daytime mean 1 1
Myles et al. (2011) AGM 7.1 Fall 1 1
LIT 2.2 Literature re-
search (n = 4)
4 4
Sommer et al.
(2009)
CTM +
BIO
0.5 Fall 1 2
Yang et al. (2010) INF 0.2 Annual mean 4 1
Zhang et al.
(2009)
INF 0.3 Spring 1 1
Zhou et al. (2010) INF 0.3 Spring 4 4
0.2 Summer
0.2 Fall
0.3 Winter
(Continued on next page)
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reference method
vd (cm s−1) comment
weights (−)
specific mean ws wc
0.3 Mean
Unspecified
Hayashi and Yan
(2010)
LIT 0.4 Annual mean
of twelve sites
4 4
Pan et al. (2012) INF 0.4–2.0 Annual mean
of ten sites
4 4
1.2 Center of
range
a.2 raw data for reanalysis
Listing A.1: Raw .csv data used for the calculation of statistics.
reference,use_for_averaging,land_use,vd,vd_sig,vd_min,vd
_max,period,method,c,c_sig,c_min,c_max,w_seasons,w_
coverage
Phillips et al. (2004),0,seminatural,3.9,2.8,,,"Summer,
daytime",AGM,4.8,,,,,
Phillips et al. (2004),0,seminatural,0.8,1.7,,,"Summer,
nighttime",AGM,3,,,,,
Phillips et al. (2004),0,seminatural,2.9,2,,,"Spring,
daytime",AGM,5.6,,,,,
Phillips et al. (2004),0,seminatural,0.6,1,,,"Spring,
nighttime",AGM,3.6,,,,,
Phillips et al. (2004),0,seminatural,2.8,2,,,"Fall,
daytime",AGM,8,,,,,
Phillips et al. (2004),0,seminatural,0.1,0.2,,,"Fall,
nighttime",AGM,7.5,,,,,
Phillips et al. (2004),0,seminatural,2.4,1.9,,,"Winter,
daytime",AGM,1.7,,,,,
Phillips et al. (2004),0,seminatural,0.2,0.3,,,"Winter,
nighttime",AGM,1.4,,,,,
Phillips et al. (2004),1,seminatural,1.7,,,,Annual mean,
AGM,,,,,4,1
Zhou et al. (2010),0,agricultural,0.3,,,,Spring,INF
,,,,,,
Zhou et al. (2010),0,agricultural,0.2,,,,Summer,INF
,,,,,,
Zhou et al. (2010),0,agricultural,0.2,,,,Fall,INF,,,,,,
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Zhou et al. (2010),0,agricultural,0.3,,,,Winter,INF
,,,,,,
Zhou et al. (2010),1,agricultural,0.3,,0.1,0.4,Annual
mean,INF,,,,,4,4
Hurkuck et al. (submitted),1,seminatural,0.7,,0.2,1.9,
Annual mean,AGM,,,2.5,15.4,4,4
Anatolaki & Tsitouridou (2007),1,urban,0.8,,,,Annual
mean,SUS,2.3,1.5,0,5.8,4,4
Biswas et al. (2005),0,water,0.4,0.2,,,during monsoon,
AGM,2.7,1.3,,,,
Biswas et al. (2005),0,water,0.6,0.3,,,pre-monsoon,AGM
,8.7,4.1,,,,
Biswas et al. (2005),0,water,0.5,0.2,,,post-monsoon,AGM
,8.2,3,,,,
Biswas et al. (2005),1,water,0.5,,,,average,AGM
,6.5,,,,4,4
Cape et al. (2008),1,seminatural,1.6,0.5,,,Annual mean,
CHA + INF,0.7,,,,4,4
Cape et al. (2008),1,seminatural,0.3,,,,Annual mean,CHA
+ INF,100,,,,4,4
Hole et al. (2008),1,seminatural,0.1,,,,Annual mean from
measurements,AGM,,,0.1,1,4,4
Hole et al. (2008),1,seminatural,0.3,,,,Annual mean for
scenario "Grass",INF,,,,,4,4
Hole et al. (2008),1,seminatural,0.6,,,,Annual mean for
scenario "Tundra",INF,,,,,4,4
Delon et al. (2012),1,agricultural,0.3,0.1,0.1,0.5,
Annual mean of five sites,INF,1.4,8.3,,,4,4
Hayashi & Yan (2010),1,unspecified,0.4,,,,Annual mean of
twelve sites,LIT,7.8,,,,4,4
Hayashi & Yan (2010),1,urban,0.5,,,,Annual mean from
data synthesis,LIT,0.7,,,,4,4
Cui et al. (2010),0,agricultural,0.3,,,,spring,INF,,,,,,
Cui et al. (2010),0,agricultural,0.2,,,,summer,INF,,,,,,
Cui et al. (2010),0,agricultural,0.2,,,,fall,INF,,,,,,
Cui et al. (2010),0,agricultural,0.3,,,,winter,INF,,,,,,
Cui et al. (2010),1,agricultural,0.3,,0.1,0.4,Annual
mean,INF,201.5,,77,317.1,4,4
Flechard et al. (2011),1,mixed,1.7,1.2,,,Mean of 29
sites,INF,1,0.3,2.8,,4,4
Flechard et al. (2011),1,seminatural,0.6,0.2,,,Annual
mean of 17 sites,INF,1.6,0.3,4.3,,4,4
Flechard et al. (2011),1,agricultural,0.2,0.1,,,Annual
mean of eight sites,INF,3.7,0.9,11.3,,4,4
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Katata et al. (2013),0,agricultural,,,0.4,0.8,Fallow,INF
,,,,,,
Katata et al. (2013),0,agricultural,,,0.2,1,Crop period,
INF,,,,,,
Katata et al. (2013),1,agricultural,0.6,,,,Center of
ranges,INF,,,,,2,1
Horvath et al. (2005),0,seminatural,1.1,1,0,80.9,"
Veteation period, daytime",AGM,3.8,,,,,
Horvath et al. (2005),0,seminatural,1,1,0,75.4,"
Vegetation period, nighttime",AGM,2.8,,,,,
Horvath et al. (2005),0,seminatural,1.1,1,,,"Vegetation
period, whole day",AGM,3.3,,,,,
Horvath et al. (2005),0,seminatural,1.1,0.9,0,6.1,"
Dormant season, daytime",AGM,4.1,,,,,
Horvath et al. (2005),0,seminatural,0.7,0.6,0,3.3,"
Dormant season, nighttime",AGM,3.3,,,,,
Horvath et al. (2005),0,seminatural,0.9,0.8,,,"Dormant
season, whole day",AGM,3.7,,,,,
Horvath et al. (2005),1,seminatural,1,,,,Annual mean,AGM
,3.5,,,,4,4
Meyers et al. (2006),1,agricultural,4.7,3.8,1,10,Summer,
REA,2.8,1.4,1.4,5.2,1,1
Myles et al. (2007),1,agricultural,1.3,15.5,-35.2,31.2,
Daytime mean,REA,1.6,0.2,,,1,1
Neirynck & Ceulemans (2008),1,mixed,3,4.6,,,Annual mean,
AGM,4.1,6.5,,,4,4
Neirynck et al. (2007),0,mixed,3.2,4.8,,,Winter,AGM
,,,,,,
Neirynck et al. (2007),0,mixed,2.8,4.5,,,Summer,AGM
,,,,,,
Neirynck et al. (2007),0,mixed,3.4,,,,"Summer, daytime",
AGM,4,,,,,
Neirynck et al. (2007),0,mixed,1.7,,,,"Summer, nighttime
",AGM,4.3,,,,,
Neirynck et al. (2007),0,mixed,3.6,,,,"Winter, daytime",
AGM,1.5,,,,,
Neirynck et al. (2007),0,mixed,3,,,,"Winter, nighttime",
AGM,1.6,,,,,
Neirynck et al. (2007),0,mixed,3,4.6,,,Annual mean,AGM
,3,5.6,0,102.5,4,4
Neirynck et al. (2005),0,mixed,3.5,5.1,,,Daytime,AGM
,4.2,5.4,,,,
Neirynck et al. (2005),0,mixed,2.4,3.9,,,Nighttime,AGM
,4,7.5,,,,
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Neirynck et al. (2005),0,mixed,2.9,,,,High NH3 daytime,
AGM,8.8,,,,,
Neirynck et al. (2005),0,mixed,1.5,,,,High NH3 nighttime
,AGM,11,,,,,
Neirynck et al. (2005),0,mixed,3.7,,,,Low NH3 daytime,
AGM,2.7,,,,,
Neirynck et al. (2005),0,mixed,2.6,,,,Low NH3 nighttime,
AGM,2.1,,,,,
Neirynck et al. (2005),0,mixed,3,4.6,,,Annual mean,AGM
,4.1,6.5,,,4,4
Nemitz et al. (2004),0,seminatural,0.6,,-2.8,3.1,"
Daytime, dry",AGM,,,,,,
Nemitz et al. (2004),0,seminatural,0.7,,-0.3,4,"
Nighttime, dry",AGM,,,,,,
Nemitz et al. (2004),0,seminatural,1.8,,-0.7,5,"Daytime,
wet",AGM,,,,,,
Nemitz et al. (2004),0,seminatural,1.6,,-0.3,4.9,"
Nighttime, wet",AGM,,,,,,
Nemitz et al. (2004),1,seminatural,1.2,,,,Spring mean,
AGM,5.2,4.1,,,1,2
Pan et al. (2012),0,unspecified,,,0.4,2,"Annual mean, n
=10",INF,,,0.2,54.9,,
Pan et al. (2012),1,unspecified,1.2,,,,center of range,
INF,,,,,4,4
Endo et al. (2011),0,mixed,,,0.5,0.9,Range of ten sites,
INF,,,0.3,0.9,,
Endo et al. (2011),0,seminatural,,,0.2,0.6,Range of ten
sites,INF,,,,,,
Endo et al. (2011),1,mixed,0.7,,,,Center of range,INF
,,,,,4,4
Endo et al. (2011),1,seminatural,0.4,,,,Center of range,
INF,,,,,4,4
Staelens et al. (2012),1,seminatural,1.4,,0.7,2.2,
Literature research (n = 13),LIT,,,,,4,4
Staelens et al. (2012),1,deciduous,1.5,,0.8,2.2,
Literature research (n = 4),LIT,,,,,4,4
Staelens et al. (2012),1,coniferous,2.9,,2,3.8,
Literature research (n = 12),LIT,,,,,4,4
Zimmermann et al. (2006),1,coniferous,3.3,,2,6,Annual
mean,INF,0.5,,,,4,4
Kirchner et al. (2005),0,seminatural,,,0.5,2.2,
Literature research (n = 3),LIT,,,,,,
Kirchner et al. (2005),1,seminatural,1.4,,,,Center of
range,LIT,,,,,4,4
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Kirchner et al. (2005),0,coniferous,,,0.8,4.5,Literature
research (n = 1),LIT,,,,,,
Kirchner et al. (2005),1,coniferous,2.2,,,,Center of
range,LIT,,,,,4,4
Sommer et al. (2009),1,agricultural,0.5,,0.3,0.7,Fall,
CTM + BIO,,,0,13,1,2
Yang et al. (2010),1,agricultural,0.2,,,,Annual mean,INF
,4.1,0.3,1.3,16.3,4,1
Yang et al. (2010),1,urban,0.1,,,,Annual mean,INF
,5.4,0.5,1.8,17.2,4,1
Baek et al. (2006),1,agricultural,6.3,4.5,,,summer
average,AGM,,,,,1,1
Bajwa et al. (2008),0,seminatural,1,,,,"Summer, daytime
",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,0.1,,,,"Summer,
nighttime",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,1.7,,,,"Spring,
daytime",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,0.1,,,,"Spring,
nighttime",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,0.8,,,,"Fall, daytime
",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,0.1,,,,"Fall,
nighttime",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,0.5,,,,"Winter,
daytime",CTM,,,,,,
Bajwa et al. (2008),0,seminatural,0.1,,,,"Winter,
nighttime",CTM,,,,,,
Bajwa et al. (2008),1,seminatural,0.6,,,,Annual mean,CTM
,,,,,4,1
Benedict et al. (2013),0,seminatural,,,0.1,2.3,Annual
range,INF,,,0.1,0.2,,
Benedict et al. (2013),1,seminatural,1.2,,,,Center of
range,INF,,,,,4,4
Cui et al. (2011),1,agricultural,0.3,,0,0.5,Annual mean,
INF,171.7,,17.5,473.1,4,4
Cui et al. (2011),1,agricultural,0.4,,,,Literature
research (n = 3),INF,,,,,4,4
Fan et al. (2009),1,deciduous,0.3,,9.4,206.5,Annual mean
,INF,90.9,,,,4,4
Hayashi et al. (2012),0,agricultural,0.6,,,,"Winter,
fallow, daytime",AGM,4.7,2,,,,
Hayashi et al. (2012),0,agricultural,0.2,,,,"Winter,
fallow, nighttime",AGM,3.1,1.3,,,,
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Hayashi et al. (2012),0,agricultural,0.2,,,,"Summer,
crop period, daytime",AGM,2.2,1.5,,,,
Hayashi et al. (2012),0,agricultural,0.2,,,,"Summer,
crop period, nighttime",AGM,1.8,0.8,,,,
Hayashi et al. (2012),1,agricultural,0.3,,,,Mean,AGM
,,,,,2,1
Poor et al. (2006),1,urban,1.1,,,,Annual mean,CTM
,1.7,,,,4,4
Smith et al. (2007),1,water,0.6,,0.1,1.1,Summer,INF
,0.3,,0,1.2,1,2
Myles et al. (2011),1,agricultural,7.1,9.8,,,Fall,AGM
,0.9,0.6,,,1,1
Myles et al. (2011),1,seminatural,1.8,,,,Literature
research (n = 4),LIT,,,,,4,4
Myles et al. (2011),1,agricultural,2.2,,,,Literature
research (n = 4),LIT,,,,,4,4
Trebs et al. (2006),1,seminatural,1,,0.1,2,Fall,INF
,0.8,,0.4,2,1,2
Zhang et al. (2009),1,mixed,0.4,0.1,,,Mean of three
sites,INF,,,,,4,2
Zhang et al. (2009),1,coniferous,0.5,0.1,,,Mean of two
sites,INF,,,,,3,2
Zhang et al. (2009),1,deciduous,0.3,0.1,,,Mean of two
sites,INF,,,,,2,2
Zhang et al. (2009),1,agricultural,0.3,0.1,,,Annual mean
,INF,,,,,1,1
Jones et al. (2007),0,seminatural,,,0.4,0.6,Range during
spring,CHA,,,0,100,,
Jones et al. (2007),1,seminatural,0.5,,,,Center of range
,CHA,,,,,1,1
Milford et al. (2009),1,seminatural,0.2,,,,summer,AGM
,3.2,2.1,0.3,15,1,1
Loubet et al. (2011),0,agricultural,,,0.1,0.6,Annual
range,INF,,,,,,
Loubet et al. (2011),1,agricultural,0.4,,,,Center of
range,INF,,,2,12,4,4
Mohr et al. (2005),1,coniferous,1.6,,,,Annual mean,INF
,4.5,,,,4,4
Builtjes et al. (2011),0,agricultural,1.2,,,,Annual mean
at zR = 25 m,CTM,,,,,,
Builtjes et al. (2011),0,coniferous,1.6,,,,Annual mean
at zR = 25 m,CTM,,,,,,
Builtjes et al. (2011),0,deciduous,1.4,,,,Annual mean at
zR = 25 m,CTM,,,,,,
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Builtjes et al. (2011),0,water,0.7,,,,Annual mean at zR
= 25 m,CTM,,,,,,
Builtjes et al. (2011),0,urban,0.7,,,,Annual mean at zR
= 25 m,CTM,,,,,,
Builtjes et al. (2011),0,agricultural,1.7,,,,Annual mean
at zR = 2.5 m,CTM,,,,,,
Builtjes et al. (2011),0,coniferous,2.1,,,,Annual mean
at zR = 2.5 m,CTM,,,,,,
Builtjes et al. (2011),0,deciduous,1.9,,,,Annual mean at
zR = 2.5 m,CTM,,,,,,
Builtjes et al. (2011),0,water,1,,,,Annual mean at zR =
2.5 m,CTM,,,,,,
Builtjes et al. (2011),0,urban,0.8,,,,Annual mean at zR
= 2.5 m,CTM,,,,,,
Builtjes et al. (2011),0,agricultural,1.9,,,,Annual mean
at zR = 1 m,CTM,,,,,,
Builtjes et al. (2011),0,coniferous,2.3,,,,Annual mean
at zR = 1 m,CTM,,,,,,
Builtjes et al. (2011),0,deciduous,2.1,,,,Annual mean at
zR = 1 m,CTM,,,,,,
Builtjes et al. (2011),0,water,1.1,,,,Annual mean at zR
= 1 m,CTM,,,,,,
Builtjes et al. (2011),0,urban,0.9,,,,Annual mean at zR
= 1 m,CTM,,,,,,
Builtjes et al. (2011),1,agricultural,1.6,,,,Mean over
all zR,CTM,,,,,4,4
Builtjes et al. (2011),1,coniferous,2,,,,Mean over all
zR,CTM,,,,,4,4
Builtjes et al. (2011),1,deciduous,1.8,,,,Mean over all
zR,CTM,,,,,4,4
Builtjes et al. (2011),1,water,0.9,,,,Mean over all zR,
CTM,,,,,4,4
Builtjes et al. (2011),1,urban,0.8,,,,Mean over all zR,
CTM,,,,,4,4
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a.3 ipython code
Listing A.2: IPython Notebook for data analysis (converted to plain
Python 2.7 for portability). Refer to the Supplementary
Material of the published paper for the original .ipynb file.
#!/usr/bin/env python
# coding: utf-8
# # Schrader & Bruemmer (2014): Land use specific ammonia
deposition velocities: A review of recent studies
(2004-2013)
# ## Import and extract relevant data
# First import the data analysis library "pandas".
# In[1]:
import pandas as pd
# Import the csv data base to a data frame.
# In[2]:
df = pd.read_csv("vd_data . csv", header=0, index_col=None)
# Count the number of unique references.
# In[3]:
df[" reference"].nunique()
# Only use $v_\mathrm{d}$ values that are listed in the "
Mean" column of Tab. 2 and visually check if everything
was imported correctly by printing a few rows.
# In[4]:
df_avg = df[df["use_for_averaging"] == 1]
df_avg.head(3)
# Drop unused columns.
# In[5]:
df_reduced = df_avg.ix[:, [" reference","land_use", "vd","
w_seasons","w_coverage"]]
df_reduced.head(3)
# ## Calculate weighted averages and medians by land use
# Group $v_\mathrm{d}$ by land use categories.
# In[6]:
df_grouped = df_reduced.groupby("land_use")
df_grouped.head(1)
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# Define the function for the weighted average according to
Eq. (2) in the article:
#
# \begin{equation}
# \overline{v_\mathrm{d}} = \frac{ \sum_{i=1}^{n} \
left(w_{\mathrm{c},i} \cdot v_{\mathrm{d},i} + w_{\mathrm
{s},i} \cdot v_{\mathrm{d},i} \right) }{ \sum_{i=1}^{n} \
left(w_{\mathrm{c},i}+w_{\mathrm{s},i}\right) }
# \end{equation}
# In[7]:
def weighted_average(data):
vd = data["vd"]
w = data["w_seasons"] + data["w_coverage"]
vd, w = vd.astype(float), w.astype(float)
return (vd * w).sum() / w.sum()
# Calculate the median for each land use category.
# In[8]:
medians = df_grouped["vd"].apply(median)
medians.round(1)
# Calculate the weighted average for each land use category.
# In[9]:
wavgs = df_grouped.apply(weighted_average)
wavgs.round(1)
# If any questions arise, please do not hesitate to contact
the author at frederik.schrader@thuenen.de.
B
S U P P L E M E N T T O C H A P T E R 3
b.1 list of symbols
Table B.1: List of frequently used symbols. Note that in some cases appropriate unit
conversions are used in the text.
symbol unit description
a − exponential decay parameter in the MNS non-
stomatal resistance parameterization
AR − molar ratio of total acid to ammonia concentrations
((2[SO2] + [HNO3] + [HCl])/[NH3])
d m zero-plane displacement height
DNH3 m
2 s−1 molecular diffusivity of ammonia in air
Ft µg −2 m−2 s−1 total (stomatal + non-stomatal) net flux density
Gw m s−1 non-stomatal conductance (= R−1w )
H W m−2 sensible heat flux
hc m canopy height
k − von Kármán constant (= 0.41)
L m Obukhov length
LAI m2 m−2 one-sided leaf area index
LE W m−2 latent heat flux
Ra{z− d} s m−1 aerodynamic resistance at the reference height
Rb s m−1 quasi-laminar boundary layer resistance
Rc s m−1 canopy resistance
Rs s m−1 stomatal resistance
Rw s m−1 non-stomatal resistance
Rw,eff. s m−1 effective non-stomatal resistance
Rw,min s m−1 minimum non-stomatal resistance in the MNS
parameterization
Rw,MNS s m−1 modeled non-stomatal resistance after Massad et
al. (2010a)
Rw,obs. s m−1 observed non-stomatal resistance
Rw.WK s m−1 modeled non-stomatal resistance after Wichink
Kruit et al. (2010)
(Continued on next page)
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symbol unit description
RH % relative humidity
SN − molar ratio of sulfur dioxide to ammonia concen-
trations ([SO2]/[NH3])
T ◦C (air) temperature
u∗ m s−1 friction velocity
u{z− d} m s−1 wind velocity at the reference height
vd,max{z− d} m s−1 maximum deposition velocity allowed by turbu-
lence
vd{z− d} m s−1 deposition velocity at the reference height
z m measurement height above ground
z0 m roughness length
z0′ m notional height of trace gas exchange
z− d m reference height
β ◦C−1 temperature response parameter in the MNS non-
stomatal resistance parameterization
Γg − ground-layer emission potential
Γs − stomatal emission potential
Γw − non-stomatal emission potential
νair m2 s−1 kinematic viscosity of air
χa,(n d)MA µg m
−3 backward-looking moving average of ambient con-
centration (with n-day moving window)
χa{z− d} µg m−3 ambient concentration at the reference height
χc µg m−3 canopy compensation point
χs µg m−3 stomatal compensation point
χw µg m−3 non-stomatal compensation point
ΨH − integrated stability correction function for en-
trained scalars
ΨM − integrated stability correction function for mo-
mentum
C
S U P P L E M E N T T O C H A P T E R 5
c.1 additional case studies
c.1.1 Synthetic data
Further evaluations of the correction scheme were carried out
for synthetic (LOTOS-EUROS modelled) data from four different
grid cells in southern Germany with varying NH3 concentration
levels (Table C.1), and for five different land-use types (solid lines
in Figure C.1). Additionally, we tested splitting the 1-year records
into half, using the first half of the year (January to June) to
derive parameters for the correction and predicting fluxes for the
second half of the year (July to December) as a simple means of
validating the method (dashed lines in Figure C.1). Both variants
lead to a strong improvement in the average accuracy of the
predicted fluxes at most sites, with the exception of the Forst
Rotenfels site with arable land. Note that n 6= 12 for some sites
where the leaf area index is assumed to be zero during certain
times of the year (e.g. for arable land).
The land-use scenarios shown here are not necessarily repres-
entative for a significant fraction of land-use classes present in the
grid cells. They are simply used to illustrate the effects of (not)
correcting monthly average fluxes under different conditions.
c.1.2 Measured data
A similar analysis was carried out for NH3 concentrations meas-
ured at a moorland site in southern Scotland (Flechard and
Fowler, 1998a) during the years 1995, 1996 and 1998. Mean tem-
perature at the site was 9.1 ◦C averaged across the sampling peri-
ods, and the mean NH3 concentration was 0.8µg m−3, with a max-
imum of 32.9µg m−3; 95 % of all samples were below 2.9µg m−3.
Concentration measurements and meteorological data were avail-
able at a frequency of 30 minutes. The evaluation of the proposed
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Table C.1: Site characteristics of the additionally tested four syn-
thetic datasets in southern Germany. Isny corresponds to
the synthetic dataset discussed in the main manuscript.
Concentration and temperature values are annual aver-
ages ± standard deviations with min. and max. values in
parentheses. ΣP is total annual precipitation.
site latitude longitude χa (µg m−3) T (◦C) ΣP (mm)
Isny 47◦41′34.80′′ N 10◦2′6.00′′ E 5.6± 5.1
(0.1–60.6)
8.1± 7.5
(−18.3–28.1)
1690
Forst Ro-
tenfels
48◦48′50.76′′ N 8◦23′47.40′′ E 1.1± 1.3
(0.0–11.1)
10.1± 7.5
(−12.3–31.6)
986
Forst
Welzheim
48◦52′50.88′′ N 9◦34′47.64′′ E 2.9± 2.8
(0.0–24.0)
9.7± 7.8
(−16.3–31.8)
990
Forellenbach 48◦56′51.40′′ N 13◦25′14.05′′ E 2.0± 2.3
(0.0–25.9)
6.0± 7.9
(−17.6–26.3)
1085
correction scheme was carried out using both the whole meas-
urement period and only the year 1995 as the training dataset for
the estimation of σχa and rvex,χa .
Results are shown in Figure C.2. Relative errors of up to 63 % in
individual months could clearly be reduced using the proposed
correction method with a maximum error of 38 % in one month
of the corrected variant and below 20 % otherwise. In fact, total
errors were reduced from 296.0g ha−1 and 203.3g ha−1 in the dir-
ect and monthly variants, respectively, to a mere 2.6g ha−1 after
correction (44.9g ha−1 when only using data from 1995 for fitting
the correction functions), at a total predicted control deposition
of 1625.0g ha−1. Note that this prediction is very low compared
to measured fluxes at this site (2.5kg N ha−1 a−1 ≈ 3.0kg ha−1 a−1)
(Flechard and Fowler, 1998b), likely due to a too high default
minimum external leaf surface resistance in the model paramet-
erisation we used (Massad et al., 2010a; Schrader et al., 2016).
Nevertheless, we have no reason to assume that the perform-
ance of the correction scheme would be significantly different
after calibrating the biosphere-atmosphere exchange scheme to
site-specific conditions.
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Figure C.2: Similar to Figure 5.3 for a Scottish moorland site. (a) Pre-
dicted cumulative monthly NH3 deposition for the four
scenarios control, direct, monthly, and corrected. Differences
are given as percent deviation from control. (b) Predicted
cumulative monthly NH3 deposition of direct, monthly,
and corrected variants against control. Solid circles and
regression lines use the whole measurement period 1995–
1998 for derivation of correction factors; hollow circles
and dashed line use only the year 1995 for parameter
estimation. Confidence intervals for the regression are not
shown to ensure visual clarity.
c.2 sensitivity to the sampling rate
Although many monitoring networks use a monthly sampling
scheme (e.g., MAN in the Netherlands; Lolkema et al., 2015), it
is nevertheless instructive to analyse the effect of modelling NH3
fluxes using average concentration measurements in conjunction
with high-frequency meteorological drivers at other temporal
resolutions. For example, Hurkuck et al. (2014) and Dämmgen
(2007) used weekly measurements obtained with KAPS denuders
(Peake and Legge, 1987) to model atmospheric nitrogen depos-
ition. We have therefore performed the same analysis as shown in
Figure C.2 for averaging times between 1 hour and four weeks for
the same dataset. We then evaluated the total relative difference
from the control variant in two different ways: (i) as in the main
manuscript, by upscaling average fluxes to total data coverage,
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i.e., multiplying the daily average flux density with the averaging
interval, and (ii) without upscaling, i.e., multiplying the daily
average flux density with the (fractional) number of days with
valid measurements within the averaging interval. The practical
difference and reason for performing the analysis in both ways
lies in the fact that with upscaling, the control total predicted flux
is not equal between different averaging times as soon as there
are gaps in the time series that are larger than the averaging
interval, whereas without upscaling it is always equal.
As expected, the errors arising from both uncorrected vari-
ants (direct and monthly) are lowest at the smallest hypothet-
ical sampling intervals (Figure C.3). At the same time, as fewer
samples are used to determine rvex,χa , noise increases and the
effect of using the proposed correction scheme can actually be
worse than not using a correction at all when the averaging
period is small. However, this is quickly reversed as soon as con-
centrations are sampled at a temporal resolution of around half
a week or less frequent. As averaging intervals become longer,
corrected flux predictions fluctuate around control (i.e., zero rel-
ative error), with occasional outliers, whereas the errors in the
uncorrected variants still increase. An interesting lesson to learn
from this exercise is that the errors appear to slowly approach a
plateau for this dataset. We expect this to be the case for other
sites as well, as with increasing averaging time χa within each
sampling interval converges to the long-term average NH3 concen-
tration at the site, therefore mitigating the effects of spreading
out sampling times even longer. In other words, reducing the
sampling frequency from, e.g,. monthly to quarterly will have
less negative consequences than weekly to monthly.
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Figure C.3: Sensitivity of errors to an increasing sampling interval,
exemplarily calculated for the Scottish moorland site pre-
viously shown in Figure C.2. Solid lines are with, dashed
lines without upscaling to 100 % data coverage within the
interval (refer to the text for detailed explanation). The
errors are relative to the control total predicted flux over
the whole measurement period 1995–1998.
